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Die Variabilität von Phänotypen ist ein generelles Phänomen in Tieren und Pflanzen und bildet die Basis 
für die evolutionäre Veränderung von Organismen. Die vorliegende Arbeit fokussiert sich auf die 
Variabilität und die Genetik von Längen Unterschieden in den einzelnen Knochen der Vorder- und 
Hinterfüße von Mäusen aus verschiedenen Populationen und Stämmen. Es wurden Mäuse von vier 
Auszucht Populationen verwendet (drei zugehörig zur Subspezies M. m. domesticus und eine zur 
Subspezies M. m. musculus), sowie von einem kommerziell erhältlichen Auszucht Stamm (CD1 - Charles 
River). Diese werden insgesamt als "Auszucht Gruppe" bezeichnet. Inzucht Tiere werden durch zwei 
Stämme repräsentiert, nämlich PWD (ein von M. m. musculus Wildtieren abgeleiteter Stamm) und 
C57BL/6J (ein klassischer Inzucht Stamm ursprünglich abgeleitet von M. m. domesticus). Weiterhin 
wurden Individuen aus der ersten Generation von Tieren verwendet, die in einer Hybridzone zwischen 
den Subspezies gefangen wurden. Um den Einfluss von Umweltbedingungen auf die Variabilität zu 
reduzieren wurden die Tiere vor der Analyse unter gleichen Bedingungen gehalten. 
Die beiden ersten Kapitel widmen sich hauptsächlich der Frage der entwicklungsbiologischen Architektur. 
Kapitel 1 behandelt den Faktor fluktuierende Asymmetrie (FA). Diese wird als Indikator der 
entwicklungsbiologischen Stabilität angesehen, ausgedrückt darin, dass sich in einem Organismus der 
gleiche Phänotyp unter den gleichen Umwelt und genetischen Bedingungen auf beiden Seiten des Körpers 
entwickeln sollte. Die Ergebnisse meiner Analysen zeigen, dass der erste Knochen der Vorderfüße (der 
Humerus) generell die höchste FA zeigt. In Bezug auf die Länge der Knochen findet sich zwar die niedrigste 
Varianz in Inzucht Stämmen, aber zumindest der PWD Stamm zeigt gleichzeitig die höchsten Werte für 
FA. Für die Hybridtiere fand ich, dass der Grad der Hybridisierung FA nicht beeinflusst und gleichzeitig 
zeigen sie auch die geringsten Werte für FA. Diese Resultate legen einen Vorteil von Heterozygosität in 
den Hybridtieren nahe, während die größeren Abweichungen in der Inzucht Gruppe eine Konsequenz der 
höheren Homozygosität sein könnte. 
Das zweite Kapitel befasst sich mit den Ko-Variationsmustern zwischen den Längen der einzelnen 
Knochen, eine Analyse die ein Maß für die morphologische Integration darstellt. Es wird angenommen, 
dass natürliche, oder nahezu natürliche Populationen auf Grund stabilisierender Selektion einen höheren 
Grad an Integration zeigen sollten, da diese die Ko-Varianz Struktur beeinflussen sollte. Meine Daten 
zeigen einen signifikant höheren Grad an Integration in den Hybrid Tieren im Vergleich zu den Inzucht und 




Integration zwischen den Auszucht und Inzucht Gruppen. Hingegen gibt es unterschiedliche Grade der 
Integration zwischen den Gruppen der Hybrid Tiere. Teilweise kann das auf unterschiedliche Größe als 
Faktor zurück geführt werden. Die Frage ob es eine höhere Integration zwischen entwicklungsbiologisch 
verwandten Knochen gibt, konnte für die Auszucht Gruppe und die Hybrid Tiere positiv beantwortet 
werden. 
Das dritte Kapitel widmet sich einem Ansatz genetische Faktoren zu kartieren die die Variation der 
Gliedmaßen beeinflussen und stellt gleichzeitigt die Frage ob genetische Variation mehr als einen 
Charakter beeinflusst. In diesem Teil der Studie wurden nur die Tiere aus der Hybridzone verwendet, da 
für diese schon vorher gezeigt wurde, dass sie sich für einen Genomweite Assoziationsstudie eignen. 
Basierend auf den Ergebnissen des Kapitels 2, in dem eine hohe phänotypische Korrelation gefunden 
wurde, stellte sich die Frage, ob Charakter die entwicklungsbiologisch und funktionell zusammen hängen 
auch gemeinsame genetische Varianten haben, die diese komplexen Strukturen generieren. 
Dementsprechend wurde nach Varianten gesucht, die sowohl die Länge einzelner Knochen beeinflussen, 
wie auch die Korrelation zwischen den Knochen. Die Ergebnisse zeigen generell eine hohe Erblichkeit, 
basierend auf den genotypisierten Markern, sowie eine polygene Architektur. Ich konnte Kandidatengene 
identifizieren für die bereits früher ein Zusammenhang mit Gliedmaßen und Knochen Entwicklung gezeigt 
wurde, aber auch Varianten die nicht in früheren Kartierungsstudien für den untersuchten Phänotyp 
gefunden wurden. Ich konnte auch genetische Regionen (Loci) identifizieren die mit der Länge mehrerer 
Knochen und ihrer Korrelation assoziiert sind, also für seriell homologe Strukturen. Interessanterweise 
konnte aber für keines der Gene die an der Embryonalentwicklung der Gliedmaßen beteiligt sind eine 











Variability of phenotypes is an ubiquitous phenomenon in animals and plants that is considered to be the 
basis on which organisms undergo evolutionary changes. The present thesis addresses the variability and 
genetic basis of limb bone length phenotypes in different populations and strains. I included mice from 
four outbred populations (three from the subspecies M. m. domesticus and one from the subspecies M. 
m. musculus), as well as the commercially available outbred stock CD1 (Charles River) called cumulatively 
the "outbred group".  The inbred strains are represented by PWD (a wild derived inbred strain from M. 
m. musculus) and C57BL/6J (a classical inbred strain originally derived from M. m. domesticus) 
cumulatively called the "inbred group". Further I used individuals from the first-generation offspring of 
mice captured in a natural hybrid zone between the two Mus musculus subspecies. To reduce 
environmental influences on the variability, all animals were kept under the same environmental 
conditions before their analysis. 
The first two chapters investigate mainly questions of developmental architecture. Chapter one deals with 
degrees of fluctuating asymmetry (FA). This is an indicator of developmental stability, reflected in the 
possibility of an organism to ensure the same phenotypic expression under the same genetic and 
environmental conditions on both sides of the body. I found that the first bone of the forelimb, the 
humerus, shows generally the highest level of FA. The lowest variance of bone length measures was found 
in inbred strains, but at least one of them (PWD) showed at the same time the highest level of FA. For the 
hybrid group I found the level of FA was not affected by the degree of hybridization and that they showed 
the highest level of stability. My results suggest a potential benefit of heterozygosity in the hybrid group, 
whereas the larger deviation observed in the inbred group might be a consequence of higher 
homozygosity. 
The second chapter examines covariation between bone lengths, which are considered to reflect levels of 
morphological integration. Close to natural populations are assumed to show greater level of integration 
due to a stronger influence of stabilizing selection which should affect the covariance structure. I found a 
higher degree of integration in the hybrid animals which was significant compared to the inbred and 
outbred groups. Outbred populations and inbred strains did not have larger differences except 
significantly higher integration in one population that belongs to the outbred stock (CD1). Moreover, 
different levels of integration could be noticed among populations of the hybrid group. Influence of size 




addition, I investigated whether stronger connections could be found between developmentally related 
bones, which was supported in outbred and hybrid groups. 
The third chapter constitutes an approach to map genetic factors that generate limb variation and 
considers genetic variation that can affect multiple traits. In this part of the study, I used only mice from 
the hybrid zone, since these were previously shown to be suitable to conduct a genome wide association 
study with them. Based on the results from the second chapter which showed high phenotypic 
correlations, I asked whether traits that are developmentally and functionally related could have common 
genetic variants underlying these complex structures. Accordingly, special interest is given to genomic 
regions that underly individual bone length, as well as correlated variation between the bones. Overall, 
these traits revealed high heritability explained by genotyped markers, as well as a polygenic genetic 
architecture. Candidate genes previously described in limb and bone formation were identified together 
with genetic variants that were not previously reported in QTL studies of this phenotype. Further I found 
genetic regions (loci) associated with different bones, as well as high genetic correlations between the 
bones that share developmental mechanisms, i.e. serially homologous structures. Most interestingly, 
none of the genes known to be required for embryonic development of the limbs showed up as a factor 




























Survival and reproduction represent the two most important components in the evolution of all 
organisms. Therefore, numerous morphological, physiological, and behavioral adaptations are needed, as 
a response to different selection pressures. Many studies investigated adaptations and evolution of 
complex morphological traits, including genetics, developmental and ecological aspects. Interconnection 
between the genetic and developmental perspectives, proposed in the Atchley-Hall model (Atchley & Hall 
1991) provided insights into the variation of quantitative traits. Variation represents the driving force in 
evolution and influences all phenotypic characters. It was proposed that it is of great importance to 
investigate mechanisms that generate and regulate variability in natural populations, as well as their 
interaction with the genetic architecture, which is commonly investigated in genotype – phenotype 
mapping. 
Long bones have been shown to be a very suitable model system in evolutionary and developmental 
studies due to the great diversity of these structures, as well as their dependencies on each other (e.g. 
Kronenberg 2003; Farnum 2007; Butterfield et al. 2010). Different modes of locomotion in mammals are 
generated through structural and functional requirements which may lead either to dissociation of 
characters, or to developing strong connections among them. Studying the origin and evolution of 
phenotypic traits is oriented towards understanding mechanisms that underlie these modifications by 
intersecting genetic and developmental approaches.  
 
Bone development 
Multicellular organisms develop from many single cells through differentiation, followed by positioning of 
tissues and organs in different regions of the organism (Gilbert 2000a).  
Generation of the skeleton includes three distinct lineages. The axial skeleton (the part of the skeleton 
that consists of the bones of the head and trunk of a vertebrate) is formed by the somites. The 
appendicular skeleton (limb skeleton) is generated from the lateral plate mesoderm, while the branchial 
arch, craniofacial bones and cartilage are made of the cranial neural crest (Gilbert 2000b). 
Osteogenesis, or bone formation undergoes two processes which involve transformation of the 
preexisting mesenchymal tissue into bone tissue. Intramembranous ossification proceeds through direct 




endochondral ossification occurs in long bones and requires an additional step of the mesenchymal cell 
differentiation into cartilage, which is replaced by the bone cells (Gilbert 2000b). 
The general skeletal architecture of the tetrapod limb encompasses a proximal stylopod (humerus / 
femur), a medial zeugopod (radius and ulna / fibula and tibia), and a distal autopod (carpals, tarsals, 
metacarpals, metatarsals and digits) (Young & Hallgrímsson 2005, Hall 2007) (Figure 1). Limb skeletal 
elements are formed in proximo-distal direction from the stylopod to the autopod. Fore- and hindlimbs 
represent serial homology in their structures, and these repeated parts are thought to share their 
developmental architecture (Hall 1995). 
 
 
Figure 1. Schematic presentation of limb elements and bones within each corresponding element. The 
picture is modified from the original: Stylopod-zygopod-autopod.png from Prof. Dr. Peter Uetz. 
https://commons.wikimedia.org/wiki/File:Stylopod-zygopod-autopod.png 
 
During embryonic development, pattering of the limb bud involves three main axes: proximo-distal 
(shoulder to finger tips), dorso-ventral (back of hand to palm), and antero-posterior (thumb to little 
finger). Abnormalities in proximal or distal parts can be caused by mutations in Hox genes (Wellik & 
Capecchi 2003).  
Initiation of limb development depends on the expression of the T-box transcription factors, Tbx5 (in 
forelimb) and Tbx4 (in hindlimb) (Gibson-Brown et al. 1996; Tamura et al. 1999). Differential expression 




Further skeletal development involves several key transcription factors which are necessary for regular 
chondrogenesis and osteogenesis, among these are multiple members of the SOX family (Wright et al. 
1995; Ng et al. 1997; Zhao et al. 1997) and the HOX homeobox transcriptional regulators (in 
chondrogenesis) (Dolle et al. 1993; Small & Potter 1993; Davis & Capecchi 1994, 1996). Hox genes were 
found to be more important in the later regulation of longitudinal growth of the individual elements (Hall 
2007). 
 
Limb bone evolution 
Tetrapods are evolutionarily derived from sarcopterygian fish (Cloutier & Ahlberg 1996) with the proximal 
parts of the limb (stylo- and zeugopod) thought to represent a plesiomorphic state, i. e. derived from the 
sarcopterygian fins, while the distal parts of the limbs (autopod) are thought to constitute evolutionary 
new traits (apomorphic) (Hall 2007). Development of the autopodium differs from the other limb 
segments due to its distal position in comparison to stylo- and zeugopodium (reviewed in Wagner & Chiu 
2001).  
Cellular and molecular mechanisms of early limb and fin development are fairly conserved. Similarities 
are found in initial phases of the development, starting with the bud formation. Further diversification 
between bony fishes and higher vertebrates involves differences in the bud pattering due to the individual 
developmental system of the cell-cell interaction (Hall 2007). Among vertebrates, chick and mouse show 
an overlap in early stages of limb bud development, as well as in signaling molecules and transcription 
factors involved in initiating limb bud development in embryos  (Hall 2007). 
 
Phenotypic variability 
Phenotypic variability reflects the potential of an organism to vary (Wagner & Altenberg 1996), with 
canalization, developmental stability and morphological integration being the main components of the 
variability (Hallgrímsson et al. 2002; Willmore et al. 2007). Other processes also involved in variability are 
phenotypic plasticity, heterochrony, and heterotopy (Willmore et al. 2007). Variability produces a range 
of possible outcomes, while developmental processes and their interactions confine expression of this 
variability. On the other hand, changes in the phenotype are generated through alterations in 





Canalization and developmental stability 
The concept of canalization describes limitation in phenotypic variation among individuals (Wagner et al. 
1997). A certain degree of this variation is preserved under different genetic and environmental conditions 
(Willmore et al. 2007). There are differences between genetic and environmental canalization, revealed 
by phenotypic robustness to the effects of mutations or environmental perturbations, respectively 
(Wagner et al. 1997).  
Developmental stability is reflected in phenotypic consistency within individuals (Willmore et al. 2007). 
The main difference between canalization and developmental stability is in the type of variation they 
buffer (Wilmore et al. 2007).  
Processes, such as developmental noise, can affect frequency distribution of differences between the 
right and the left sides (right-minus-left) through the cumulative effects of small, random environmental 
perturbations (Waddington 1957; Lewontin 1983). In contrast, developmental stability reflects processes 
that minimize disturbance and enable development of a close to ideal phenotype (Palmer & Strobeck 
2003). Developmental noise and stability both contribute to developmental instability which is shown as 
within-individual variation (Dongen 2006). 
The fore mentioned processes are observed through the following patterns: 1) fluctuating asymmetry 
(FA), shown as random deviations from symmetry in bilaterally symmetrical organisms (Ludwig 1932 in 
Palmer & Strobeck 2003), with the variation between the right and the left side normally distributed 
around a mean of zero (Palmer & Strobeck 2003). 2) directional asymmetry (DA) is reflected in a tendency 
towards a bias in one direction. 3) antisymmetry with a bimodal distribution i.e. a pattern with stronger 
right side effect in half of the population and a stronger left side effect in the other half  (Palmer & Strobeck 
1986; Palmer & Strobeck 1992). Examples of FA are numerous in the literature, DA is mostly seen in human 
(mammalian) heart and brain, while antisymmetry is less prevalent and most prominently studied in male 
fiddler crabs, where one of the claws is always enlarged (Palmer & Strobeck 1992; Palmer 1996).  
 
Morphological Integration 
Morphological integration observes different structures that are interconnected due to their common 
function and / or development, which are expected to benefit the overall stability of the organism 
(Willmore et al. 2007). This field of exploration was inspired by concepts of Olson and Miller (1958), where 




patterns among morphological traits were introduced through estimation of the level of covariation or 
correlation among the structures (Olson & Miller 1958). Cheverud (1996a) proposed three different levels 
of integration: individual, which involves functional and developmental integration (as described by Olson 
and Miller 1958); population level depicted in genetic integration based on pleiotropy or linkage 
disequilibrium; and evolutionary level, reflected in structures that evolve in a coordinated manner. 
Variability might be constrained in characters that are tightly connected, because change in one part of 
the structure would need to be beneficial for the other parts of the same structure, hence selection will 
act to reduce variability of individual parts (Wagner & Altenberg 1996).  
 
Complex traits 
Variation caused by many genes and their interaction with environmental factors can shape complex 
traits, which are commonly investigated in studies of quantitative traits or medical diseases. Revealing the 
genetic basis of complex traits provided closer insights into genes, gene variants and molecular 
mechanisms that are related to one or more of these traits (Visscher et al. 2012). Numerous examples 
included studies of height (Turner et al. 2011; Wood et al. 2014) and weight (Locke et al. 2015), psychiatric 
disorders (Collins & Sullivan 2013; Otowa et al. 2016), autoimmune disease (Kochi 2016; Ramos et al. 
2015) behavioral traits (Parker et al. 2016; Sanchez-Roige et al. 2018), educational attainment (Okbay et 
al. 2016) and many others. Evolution of complex traits was observed as well in different traits, such as 
wings of Drosophila (Kingsolver & Koehl 1994) and horns in beetles (Emlen et al. 2005). Skeletal elements, 
such as skull and mandibles, scapula, vertebrae, and limbs have also been much studied with quantitative 
trait approaches (Leamy et al. 1998; Leamy et al.  2002; Klingenberg et al.  2004; Kenney-Hunt et al. 2006; 
Norgard et al. 2008; Norgard et al. 2009). Combining morphometric statistics with complex trait statistics 
allowed even to approach studies of the shape of whole craniofacial skeleton of mice (Boell & Tautz 2011; 









Genome-wide association studies 
In recent years, complex traits are mostly analyzed in genome-wide association studies (GWAS), which 
enable understanding of their genetic architecture, and can be used to investigate the genetic basis of 
natural variation. These studies are based on the identification of a large number of common genetic 
variants (usually single-nucleotide polymorphisms (SNPs)) across the genome, which are further tested 
for the association between each variant and a phenotype of interest (Bush et al. 2012). The genetic 
variation captured by SNPs or markers is usually termed as the ‘narrow-sense heritability’ (Wray et al. 
2013). Nevertheless, variance explained by the genotyped SNPs is found to be lower than the proportion 
of phenotypic variance due to additive genetic variance (Yang et al. 2010). 
In contrast to previous quantitative trait loci (QTL) studies, which usually reveal only large QTL regions 
that contain hundreds of genes (Gonzales & Palmer 2014), GWAS provided higher resolution and 
identification of individual genes (Flint & Mackay 2009; Parker & Palmer 2011). Most heritable traits are 
polygenic, i.e. controlled by many loci with minor phenotypic effects (Rockman 2012) and express 
continuous variation (Comeault et al. 2014). Large number of loci, each with small effects are explained 
with the infinitesimal model for the inheritance of quantitative traits (Barton et al. 2017, Boyle et al. 2017). 
This model assumes a combined effect of genetic and environmental components to shape quantitative 
traits, with a genetic component showing a normal distribution in offspring traits around the mean value 
of their parents (Barton et al. 2017).  
Mammalian limbs are complex structures that express coordinated interactions between structure, 
function, and development. Several studies investigated the heritability in limb elements (reviews by Cock 
1966; Thorpe 1981) and quantitative genetics of skeletal traits in mice (Leamy 1974, 1975, 1977; Leamy 
& Bradley 1982). High heritability of limb element lengths was described in Leamy (1974). Although limb 
heritability is higher than in skull or body traits, evolution of limb traits is still slower (on microevolutionary 
time scales) in comparison to dental or skull traits (Leamy & Sustarsic 1978). 
 
Origin of the house mouse 
The present study focuses on the variation of limb elements in house mice, including wild derived 
populations. The house mouse (Mus musculus) is a small mammal of the order Rodentia. The genus Mus 
has originated in Southern Asia and is divided into several subspecies which have started to diverge about 




mice based on microsatellite loci suggested the Iranian plateau as the main region for the initial house 
mouse diversification (Hardouin et al. 2015). Together with humans, it has spread across the globe during 
the past few thousand years. Mus musculus musculus has spread into Eastern Europe and Northern Asia, 
with a territory from Vladivostok to Scandinavia and Central Europe. M. m. domesticus is found in Western 
Europe, North Africa, and Near East. In the past few hundred years, it has further spread to the Americas, 
Australia and Oceania (Searle et al. 2009; Hardouin et al. 2010; Gabriel et al. 2011; Jones et al. 2011). Mus 
musculus castaneus inhabits Southeastern Asia including Japan, where it forms a hybrid zone with M. m. 
musculus. This hybridization is thought to have resulted in a hybrid subspecies called M. m. molossinus. 
 
Hybrid zone 
Mus m. domesticus and M. m. musculus form a narrow hybrid zone from Scandinavia to the Black Sea. 
The range of the hybrid zone is more than 2500 km long and encompasses Denmark, Northern Germany 
(Schleswig-Holstein), Eastern Germany (Saxony), North-eastern Bavaria and Western Bohemia, Southern 
Bavaria and North-western Austria (Oberösterreich), as well as Eastern Bulgaria (see Baird & Macholán 
2012 for a recent review).  
Barton and Hewitt (1985) described hybrid zones as tension zones with a balance between dispersal of 
parental types and selection against hybrids (Haldane 1948; Fisher 1950). This was later confirmed for the 
mouse hybrid zone (Payseur et al. 2004; Raufaste et al. 2005; Macholan et al. 2007). There are various 
limitations to gene flow, with the prediction that less fit populations are more influenced (Barton & Hewitt 
1985). Some studies reported mostly directed gene flow across the hybrid zone from M. domesticus into 
M. musculus populations (Vanlerberghe et al. 1988; Tucker et al. 1992; Fel-Clair et al. 1996; Boissinot & 
Boursot 1997; Raufaste et al. 2005). 
Since hybridization in stable hybrid zones results in many recombinational events, natural hybrid zones 
represent a good tool to map traits associated with speciation (Rieseberg & Buerkle 2002). Among the 
most studied questions so far is the question of the genetics of hybrid sterility (Payseur & Hoekstra 2005). 
In the mouse hybrid zone, mapping hybrid sterility loci revealed lower mean values for traits in hybrids 
compared to pure subspecies (Turner et al. 2012). Studies with wild-caught hybrids (Albrechtova et al. 
2012; Turner et al. 2012) and in M. m. musculus – M. m. domesticus hybrids generated in the laboratory 




Hybridization may also produce novel phenotypes, called transgressive segregation. In this case 
phenotypic variation in offspring is expanded beyond the range of both parental species, which may be 
explained through complementary gene action (Rieseberg et al. 1999). In this phenomenon, phenotypes 
of hybrids after the F1 generation can be produced through additive effect of alleles at quantitative trait 
loci that generally have opposite sign in their parents (Rieseberg et al. 1999; Stelkens & Seehausen 2009). 
Transgressive segregation has been described for different morphological traits: skull morphology of 
cichlid fish (Albertson & Kocher 2005); shape in natural sculpine hybrids (Nolte & Sheets 2005); 
physiological traits (salt tolerance in Helianthus sunflowers (Lexer et al. 2003)); life history traits (flowering 
time in Arabidopsis (Clarke et al.  1995)); behavioural traits (mating behavior of Drosophila (Ranganath & 
Aruna 2003)) and behavioral traits in mice (Hiadlovská et al. 2013). 
 
Inbred strains 
The first reported data with using mouse as laboratory animal came from Robert Hooke’s study in 1664. 
This was further continued in the study of inheritance in mice, by William Castle in 1902 (Morse 1978). 
Afterwards, C. C. Little developed the first inbred mouse strain in 1909 (Holmes 2003, cited in Casellas 
2011), which was followed with more inbred strains (in early 1920s) that found wide utility in scientific 
studies (Festing 1996, cited in Casellas 2011). Inbred strains are defined as colonies that have been sibling-
mated (brother-sister) for at least twenty generations, which results in genetic uniformity within each 
strain (Flint & Eskin 2012). Inbred strains express high level of inbreeding (~98.6%), although a small 
proportion of genetic variance (~2%) still persists (Casellas 2011). Festing (1979) described the ideal inbred 
strain as isogenic and homozygous, phenotypically uniform, with high stability and easy to identify due to 
its genetic profile. Nevertheless, mutations can still arise and influence the genetic background of inbred 
strains. Inbred mice were used to generate several strains whose application subsequently expanded 
genetic researches (Flint & Eskin 2012). In order to detect sequence variants involved in phenotypic 
variation, a genetic cross was developed from the offspring of two inbred strains which is further mated 
to each other or to a progenitor strain (Flint & Eskin 2012). Common use of genetic cross and recombinant 
inbred strains provided advantages in quantitative trait loci studies and identification of the genetic basis 
of traits and diseases. However, requirements for higher mapping resolution and statistical power, as well 
as greater genetic diversity for genome-wide association studies developed new inbred strains such as 
the Hybrid Mouse Diversity Panel and Collaborative Cross (Flint & Eskin 2012). Another design with 




mice (Svenson et al. 2012) which belong to outbred mice. Mapping resolution was increased with this 
approach, while phenotyping and reproducibility were reduced in comparison with inbred strains (Flint & 
Eskin 2012). Inbred strains can be divided in two groups: classical inbred (with M. m. domesticus origin) 
and wild-derived strains (more recently derived, including some with origin from other subspecies). 
 
Outbred stocks 
Outbred stocks are widely used in studies based on the assumption about their genetic similarity to 
natural mouse or human populations (Rice & O'Brien 1980). Their application is reported in toxicology, 
pharmacology and genetic researches (Chia et al. 2005), such as quantitative trait loci (QTLs) studies 
(Woods 2014), mapping of complex traits and genome-wide association studies (Aldinger et al.  2009; 
Yalcin et al. 2010). An outbred stock represents a population of genetically variable animals which has 
been closed for at least four generations. They are bred to preserve maximum heterozygosity (Festing 
1993) and to reduce genetic change (Chia et al. 2005). Outbred stocks in mice descended from two male 
and seven female mice of the noninbred albino stock of André de Coulon (the Centre Anticancereux 
Romand in Lausanne, Switzerland). These mice were imported to the US by Clara J. Lynch in 1926 (Lynch 
1969). One of the most reported outbred stocks include colonies of Swiss mice. Variation in the Swiss mice 
is lower compared to wild mice populations. On the other hand, these mice have shown more similarities 
than differences with natural populations (Rice & O'Brien 1980). In addition, classical outbred stocks and 
inbred strains differ considerably from wild mice in genetic architecture, size and productivity (Chia et al. 
2005). Among Swiss mice, the CD1 mouse outbred stock is commonly used and it was first produced by 
Charles River Laboratories in 1959 (Rice & O'Brien 1980). Further, CD1 produces more offspring than (any) 
inbred strains and shows conspicuous differences in size (Poiley 1972; Chapin et al. 1993). Their main 
advantage over inbred strains is greater genetic and phenotypic variability (Falconer 1981, cited in Chia 
2005). 
Recent studies in commercial outbred colonies have estimated higher haplotype contribution from 
classical inbred strains than from wild-derived strains (Mott et al.  2000). Mice genetically similar to inbred 
strains could be involved in the origin of outbred stocks (Yalcin et al. 2010). Locus-specific and genome-
wide sequencing approaches have shown that most of genetic variation (~about 95% of the 
polymorphisms) in outbred colonies derived from classical inbred strains (Yalcin et al. 2010).  
Some of the important findings based on the genetic architecture of outbred stocks encompass large 




found in classical inbred strains; lower mapping resolution in comparison with human populations (Yalcin 
et al. 2010). Commercial outbreds could be used in association studies because these colonies showed 
low linkage disequilibrium, lower genetic diversity and heritable phenotypic variation. However, they 
cannot be used as a replacement for outbred population due to their limited genetic diversity (Yalcin et 
al. 2010). 
 
Goals of the study 
The goals of this study are focused towards the exploration of natural genetic variability in the limb bones 
of the house mouse (Mus musculus), as well as using a GWAS approach to map loci that are involved in 
generating this variability. There are two major concepts of natural variability in the literature, one deals 
with left-right asymmetry, the other with co-variation between different elements. I approach both of 
these in my study. Both aim to approach a better understanding of the complex interactions between 
development, function, genetics and evolution. These questions require examination of a variety of 
organisms, as well as different characters in order to provide a broader picture of the numerous possible 
outcomes that exist in nature. My study contributes to this using a classic model trait - the limbs of 
tetrapods. 
In the first chapter I observe within-individual variation, reflected in non-directional differences between 
right and left sides of paired bilateral characters (Thoday 1958). This question was investigated in different 
populations coming from outbred and inbred individuals, cumulatively named "outbred groups" and 
"inbred strains". Further, these groups (outbred and inbred) were compared to mice from the hybrid zone 
between M. m. musculus and M. m domesticus (collected and previously studied in Turner et al. 2012; 
Pallares et al. 2014; Turner & Harr 2014). Differences were observed in each respective population / strain, 
as well as in groups. The main interest is in revealing which groups, as well as populations and strains are 
more or less affected by the disturbance in developmental processes. 
The second chapter addresses the question of covariation between limb elements, which is of relevance 
for the underlying developmental and genetic factors that may structure this variation (Hallgrímsson 
2002). The degree of covariation is thought to influence the evolutionary potential of biological organisms 
which is usually inferred from the strength of interactions between characters (Olson & Miller 1958; Van 
Valen 1965; Cheverud 1996a; Wagner & Altenberg 1996). For this analysis I used the same mouse samples 




The third chapter connects the developmental and genetic background of limb bones based on higher 
phenotypic correlations that were detected in the previous chapter. Cheverud (1984) found large 
similarity between phenotypic and genetic correlation patterns and stressed the importance of correlated 
responses to selection which further direct coordinated evolution (Lande 1979; Falconer 1981; Cheverud 
1982, 1984). To get closer insight into the genetic architecture of the length of limb bones, a genome-
wide association study was performed in the mice from the hybrid zone. These mice represent a valuable 
source for phenotype – genotype mapping due to larger phenotypic and genotypic variation and greater 









Fluctuating asymmetry in Mus musculus 
 
INTRODUCTION 
The two sides of individuals in bilaterally symmetric animals share the same developmental program and 
hence are expected to develop symmetrically. On the other hand, one can often find small morphological 
differences between the right and the left side in symmetric organisms (Van Valen 1962). This type of 
asymmetry can differ between the individuals of the same population and was called fluctuating 
asymmetry (FA). It has been widely used as a measure of developmental stability (Mather 1953; Soule & 
Cuzin-Roudy 1982; Leary et al. 1985), with higher level of fluctuating asymmetry supposed to reflect lower 
stability (Van Valen 1962; Leary et al. 1985; Palmer & Strobeck 1986). 
Apart of the influence of environmental factors, two genetic factors are thought to play an important role 
in the genetic basis of developmental stability: heterozygosity, associated with genetic variance in 
individuals and populations (Tomkins & Kotiaho 2002) and genomic co-adaptation, reflecting variances in 
interactions between loci (Graham & Felley 1985). 
Morphological variation received special attention in evolutionary studies, since it could reveal 
mechanisms of its genetic and developmental basis (Lande 1979; Atchley et al. 1982; Boag 1983; Cheverud 
et al. 1983; Mukai & Nagano 1983). Different scenarios proposed possible explanations for the character 
variation, such as individuals with higher heterozygosity should express lower fluctuating asymmetry in 
bilateral characters (Lerner 1954; Van Valen 1962) while higher asymmetry is assumed in more 
homozygous individuals (Soule & Cuzin-Roudy 1982). Support for these hypotheses was found in the 
populations of salmonid fishes, where higher developmental stability was described in individuals with 
greater heterozygosity at protein loci (Leary et al. 1983, 1984). In contrast, this pattern was absent in 
many other studies (Wooten & Smith 1986; Patterson & Patton 1990; Clarke et al. 1992; Yampolsky & 
Scheiner 1994). Research with natural and laboratory-produced interspecific hybrids of salmonid fishes 
showed increased levels of fluctuating asymmetry (and hence reduced developmental stability) in hybrids 
in comparison to parental groups from the same environment (Leary et al. 1985). 
Developmental stability in hybrids can be affected by changes in coadapted gene complexes. Dobzhansky 




between heterozygosity at enzyme loci and developmental stability. Further, alteration in dominance 
relationship between alleles can be a consequence of changes in the genome and impact the 
developmental program. Therefore, alleles with deleterious effects on developmental stability that are 
not shown in intraspecific heterozygotes can be expressed in (interspecific) hybrids (Leary et al. 1985), e. 
g. in studies with Drosophila and fishes (Dobzhansky & Spassky 1968; Leslie & Vrijenhoek 1980). 
Higher FA in homozygous individuals can also be due to a loss of genetic variance (Tomkins & Kotiaho 
2002). Different examples reported positive correlation between inbreeding and FA (Robertson & Reeve 
1952; Bader 1965; Leamy 1984, 1992) and a negative one among FA and allozyme heterozygosity in wild 
populations (Mitton & Grant 1984; Clarke 1993; Markow 1995). Nevertheless, results in various taxa also 
showed lack or even negative association between FA and inbreeding (mentioned in Tomkins & Kotiaho 
2002). Different predictions are made in cases of hybridization. For instance, in the presence of inbreeding 
depression, i. e. reduced fitness due to inbreeding, hybridization should provide higher developmental 
stability (Tomkins & Kotiaho 2002). On the other side, hybridization between differentially adapted 
populations might disrupt coadapted gene complexes and increase levels of fluctuating asymmetry 
(Graham 1992). 
The study of mandible variation in mice has yielded insights into the genetic background of asymmetries 
(Leamy et al. 1997, Leamy 1999). The authors found more QTLs for directional rather than fluctuating 
asymmetry. Moreover, mandibular characters from the backcross mouse population of two inbred strains 
(M16i and CAST) did not reveal any genetic basis for FA (Leamy et al. 2000). This result is consistent with 
the previous studies about QTLs (Leamy et al. 1997) and the heritability of FA in mouse mandibles (Leamy 
1999). Further, FA in mouse mandibles might also depend on the epistatic interactions among some QTLs 
(Leamy et al. 2000). The developmental model used by Klingenberg & Nijhout (1999) implied that epistasis 
together with dominance could affect genetic variation of FA. Leamy et al. (2002) found a higher number 
of QTL interactions than single-locus QTLs that affect asymmetry in mandible size in a F2 population of 
mice produced from an intercross of the Large (LG/J) and Small (SM/J) inbred strains. This was confirmed 
in Leamy et al. (2015) with an F3 intercross of these strains and revealed influence of epistasis in the 
genetic architecture of asymmetry in mandible size.  
In contrast to the mandible studies, QTLs for FA were reported in discrete skeletal characters in mice 
(Leamy et al. 1998), which shows the importance of the choice of characters for such an analysis. However, 
the number of these QTLs was rather small with a cumulative effect spanning from 0 - 15.3% of the total 




confirmed an overlap with the narrow-sense heritability estimate (0.04) from the previous study on eight 
different discrete skeletal characters in random-bred mice (Leamy 1997). 
Meta-analysis of fourteen species from different taxa, including plants, insects, reptiles, birds, fishes and 
mammals reported the mean estimate of FA heritability (h2 = 0.27) that was considered relatively low in 
comparison to the heritability of other traits (Moller &Thornhill 1997). More detailed analysis of different 
traits with a substantial statistical power, yielded an even lower heritability estimate (~0.1) (Leamy 1997; 
Whitlock & Fowler 1997).  
Previous studies with mice from the Danish transect across the mouse hybrid zone between M. m. 
musculus and M. m. domesticus found lower FA in molars in mice from the center of the zone (Alibert et 
al. 1994), which was confirmed with laboratory hybrids of these two subspecies (Alibert et al. 1997). 
Similar results were found for the shape of the dorsal part of the skull (Debat et al. 2000), which indicated 
a possible advantage of heterotic effect that might influence the development of the whole skull. On the 
other hand, FA differences in size among hybrid and parental groups were not reported (Debat et al. 
2000). In another study, lower FA in shape was not detected in the ventral side of the skull in mice from 
the Central European part of the hybrid zone (Mikula & Macholán 2008). 
Conclusions about the influence of hybridization on developmental instability should be based on more 
traits, because fluctuating asymmetry can depend on the choice of the traits (Polak et al. 2003). Examples 
with differences in FA between traits are shown in studies of hybrids (Alibert & Auffray 2003). Further, an 
example with higher level of FA in one trait, but lower in other traits was reported in lab-bred hybrids 
between two chromosome races of Sceloporus grammicus lizards (Dosselman et al. 1998). 
Functional traits are assumed to express lower level of FA (Balmford et al. 1993; Swaddle 1997; Brommer 
et al. 2003). Locomotion has an important role in the general performance of individuals with respect to 
predator pressure, with more symmetrical individuals being advantageous in survival (Galeotti et al. 
2005). An example of the woodmice that are preyed by tawny owls discovered a higher level of asymmetry 
in prey individuals in comparison to individuals that survived. Although differences were not found in the 
mean size of hindlimb bones between the two groups of woodmice, mean asymmetry of hindlimb bones 
showed significant differences (Galeotti et al. 2005). 
The goal of this chapter is to explore random deviations in limb elements between the two sides of 
individuals (FA) in different outbred populations and two inbred strains (see general introduction), as well 
as in comparison with the hybrid group. These differences are studied between different bones per 




wide asymmetry based on information from all four traits pooled. This is observed in different populations 
/ strains and groups. The main interest is in differences among populations / strains and between hybrid, 
outbred and inbred groups. From the skull examples reported in the literature, we would expect to find 
more instability in inbred groups and less in the hybrid, since we are using hybrids between two Mus 






Individuals included in this study include two general groups. The first consists of frozen specimens of 
first-generation male offspring of wild-caught mice collected by Leslie Turner in the hybrid zone in Bavaria 
in 2008 (Turner et al. 2012). The second group included five outbred populations (three from M. m. 
domesticus, one from M. m. musculus, as well as one population from the outbred stock (CD1)) and two 
inbred strains (classical inbred strain and wild-derived strain). The sampling procedure and breeding of 
the mice from the hybrid zone was previously described in Turner et al. (2012) and Turner and Harr (2014). 
The first generation of mice from the hybrid zone, as well as all other strains were raised under standard 
laboratory conditions to reduce the environmental effect on the traits (at the mouse facility of the Max-
Planck Institute in Plön, Germany with the permit from the Veterinäramt Kreis Plön: 1401-144/PLÖ-
004697). They were sacrificed by CO2 asphyxiation, followed by cervical dislocation at the age of 196 days 
(28 weeks) in outbred populations and inbred strains. I included also a few individuals with the following 
deviating age in days: 195 (1), 197 (7), 199 (3), 200 (2), 203 (1), 204 (1), 205 (5) and 206 (1). Mice from the 
hybrid zone were between 9 and 12 weeks of age. 
The hybrid zone data set was divided into six groups based on the percentage of M. m. domesticus alleles 
found in each individual. The average percentage of M. m. domesticus alleles of the parents based on 37 
diagnostic SNPs of the two subspecies of house mouse, M. m. musculus and M. m. domesticus (Turner et 
al. 2012) was used to estimate the percentage of M. m. domesticus alleles in the hybrid group (Pallares et 
al. 2016). The genotype data were provided by Leslie Turner and are listed as PairMid in Table S1.1, with 
the following division: H1 (8.3 – 18.3%), H2 (18.31 – 24%), H3 (24.01 -28.3%), H4 (28.31 – 38.3%), H5 
(38.31 – 58.3%) and H6 (58.31 – 99.3%). The last two groups encompass data from the second half of the 




into the first half. Moreover, the second and the third groups were initially represented as one group, 
which was subsequently divided into two separate groups (H2 and H3) due to a larger number of 
individuals in this group, which also enabled similar sample sizes per group for further analyses.  
The outbred samples from the second group consist of two subspecies of the house mouse, M. m. 
musculus, with a population KH (Almaty / Kasachstan) and M. m. domesticus, with CB (Köln / Bonn), MC 
(Massif Central) and AH (Ahvaz / Iran) populations. Further, I included also the commercially available 
outbred stock CD1 (Charles River). The inbred strains are represented by PWD (a wild derived inbred strain 
from M. m. musculus) and C57BL/6J (a classical inbred strain originally derived from M. m. domesticus). 
 
Phenotypic measurements 
Mice were scanned with a computer tomograph (micro-CT-vivaCT 40, Scanco, Bruettisellen, Switzerland) 
with the following settings - energy: 70 kVp, intensity: 114 μA, voxelsize: 38 μm. I generated three-
dimensional cross-sections with a resolution of one cross-section per 0.038 mm. The images were 
transformed into the DICOM (Digital Imaging and Communications in Medicine) format and landmarks 
were placed within the 3D representation at the endpoints of limb bones in the forelimb (humerus, ulna, 
metacarpal bone) and in the hindlimb (femur, tibia and metatarsal bone) (Figure 1.1) using the TINA 
landmarking tool (Schunke et al. 2012). Two landmarks were used per left and right limb bone and linear 
measurements were obtained from distances between each pair of landmarks, calculated as the square 
root of the sum of the squared differences between each coordinate in three dimensions (Claude 2008). 
These distances were further multiplied by the scale factor which is expressed as the voxel size (0.038). 
Description of landmarks in proximo-distal direction: humerus: from the humeral head to the medial point 
of the trochlea; ulna: from the most proximal point of the olecranon to the styloid process; 3rd metacarpal 
bone: from the capitate-metacarpal articular surface of the base to the head; femur: from the greater 
trochanter to the articular surface for the patella; tibia from the intercondyloid eminence of medial 
condyle to the articular surface with talus, 3rd metatarsal bone from the articulate surface of the base to 
the head (Bab et al. 2007). The approximate positions of the landmarks are shown in Figure 1.1. In this 






Figure 1.1. CT-scan of a mouse showing the limb bones measured in this study. The approximate positions 
of landmarks are indicated by yellow dots. Note that the actual landmarks were set in 3D representations 
of the skeleton. This figure corresponds to Figure 1 in Skrabar et al. (2018). 
 
Presence of outliers was tested in each separate trait with visual inspection of scatter plots, by contrasting 
the difference between replicate measurements of the same bone (i. e. plots between the first and the 
second measurement within one side per bone (e. g. right humerus)); as well as between the right and 
the left side per trait where replicate measurements were averaged first (Palmer & Strobeck 2003). Data 
which showed larger differences between two measurements, due to blurred images and recording errors 
were excluded before all further analyses. Moreover, inspection of data measured once is also important, 
as greater differences between the two sides can arise due to injury, wear, disturbance of development 
which is not associated with developmental instability etc. (Palmer & Strobeck 2003). Further, these 
measurements can confound the analyses and cause spurious results. Therefore, differences between 
two sides were examined by visual inspection of histograms (Figures S1.1 - S1.2). Where larger deviation 
in one of the bones was found, the whole individual was excluded from further analysis. The number of 
individuals excluded per sex per group and their differences between raw right – left sides expressed in 
millimeters is shown in supplementary list 1.1. Among outliers, the largest differences between the right 
and the left sides were found in MC males in femur = -0.572, AH males in ulna = -0.695 and CD1 females 








Measurement error was estimated from double measurements of the same image in the right and the 
left bone separately. The percentage of measurement error was calculated according to the ANOVA 
design described in Yezerinac et al. (1992) as the ratio of the within-measurement component of variance 
to the sum of the within- and among-measurement components (Claude 2008). Number of individuals 
per group which were measured twice: hybrid (49), KH males (12), KH females (14), CB males (9), CB 
females (12), MC females (26), AH males (12), AH females (18). Double measurements were averaged in 
further calculations. 
The two-way, mixed model ANOVA, with sides as fixed and individuals as random effects was used to test 
the significance of fluctuating asymmetry relative to measurement error (Palmer & Strobeck 1986, Palmer 
1994, Palmer & Strobeck 2003). These tests were performed for each trait separately in the subset of 
individuals measured twice. Directional asymmetry and individual variation were tested from two-way 
ANOVA with repeated measurements of each side following the protocol from Palmer & Strobeck (2003) 
and Claude (2008). The analysis of fluctuating asymmetry can be conducted when between-sides variation 
(MSinteraction) is significantly larger than the measurement error (MSm). Further, effect of the side (MSs) and 
individual variation (MSi) are tested against the interaction (MSs / MSinteraction and MSi / MSinteraction) (Palmer 
1994). 
Additionally, this procedure allows computation of measurement error (ME3), where the average 
difference between replicate measurements is shown as the percent of average difference between sides 
(Palmer & Strobeck 2003). Repeatability, expressed with ME5 explains FA variation as a proportion of the 
total between sides variation, which includes measurement error. ME5 ranges between -1 to +1. Both 
estimates, percent of measurement error (ME3) and repeatability (ME5) are independent of the units of 
the measurement (Palmer & Strobeck 2003). 
ME3 = !"#!"$%&'()*&$+%	 × 100 
ME5 = 	!"$%&'()*&$+%	.	!"#!"$%&'()*&$+%	/(1.2)!"# 
Mean squares were obtained from a two-way ANOVA: MSinteraction explains sides by individual interaction 
mean squares; MSm is the measurement error based on the variance of repeated measurements; n 
represents the number of repeat measurements. 
These analyses were performed in each group, with all individuals measured twice before excluding the 




possible differences when all data are included. An exception was made with one hybrid individual which 
was the only one with a higher difference between sides found in femur bone and hence excluded prior 
to further analyses. 
 
Fluctuating asymmetry (FA) indices 
Several indices are commonly used as descriptors of the level of FA in a sample, such as absolute 
asymmetry values (FA1 = mean|R-L|); the average deviation of raw individual differences between two 
sides around the mean (FA4a = 0.798 4var(R − L)); size adjusted index expressed through the absolute 
differences between natural logarithms of the right and the left side (FA8a = mean|ln(R/L)|) (Palmer & 
Strobeck 2003).  
FA8a is computed from the ratio between two sides, however, this yields a skew in the frequency 
distribution of R/L which is further corrected by log transformation of the data (Palmer & Strobeck 2003). 
This index is directly comparable to an asymmetry estimate scaled for character size and it reflects FA as 
a proportion of the trait mean (Palmer & Strobeck 2003). FA8a facilitates comparison between traits of 
different sizes and it results in a dimensionless index of FA. This index is very sensitive to the presence of 
antisymmetry, directional asymmetry and measurement error. It will be denoted as FA8 in further text. 
To estimate FA based on multiple traits, differences in FA due to trait size should be removed (Palmer & 
Strobeck 2003). Moreover, log transformations have been shown as an appropriate method in 
standardizing the variances between the traits (Lewontin 1966). A composite measure of FA per individual 
can be further calculated from averaging size-scaled values |ln(Rj/Lj)| across the total number of traits 
(FA17). Rj and Lj represent measurements of the right and left side for trait j (Palmer & Strobeck 2003). 
The advantage of this index is a possibility to estimate an organism-wide developmental instability (DI), 
because it includes the information from multiple traits, while effects depending on size are excluded. 
Developmental instability (DI) can be concluded only from traits which show ideal FA, i.e. when DA and 
departure from normality are absent. Regular tests for DA and antisymmetry include observation from 
subsamples of the data, as well as when data are pooled to a higher level (Palmer & Strobeck 2003). In 
this study, populations and sexes within population represent subsamples, while groups reflect the next 





Directional asymmetry (DA) 
It is of great importance to examine whether directional asymmetry (DA) can influence departure from 
symmetry (Palmer 1994, Palmer & Strobeck 2003). DA was tested with one sample t-test in each bone per 
group to determine if the mean values of right minus left side (R-L) differed significantly from zero. Due 
to small sample sizes in analyses per sex in each group, data were tested also with non-parametric 
Wilcoxon signed rank test (Dixon & Mood 1946). These tests were performed per group, as well as with 
pooled data (from all groups). Corresponding histograms of (R-L) distribution are shown in Figures S1.3 – 
S1.10. In addition, DA was estimated from log transformed data as DAln = ln(R/L). DAln corrects for trait 
size, with the positive values showing larger right side, while negative values represent larger left side 
(Palmer 1994, Palmer & Strobeck 2003). Departure from expected mean of zero was tested in DAln values 
as well with one sample t-test and Wilcoxon signed rank test in groups with smaller sample sizes. Following 
Haag (2016) and Palmer & Strobeck (2003), I have calculated the average deviation around the mean (R-
L) expressed as FA4a. Effects of DA, expressed as the mean (R-L) are considered removed, when traits 
show lower values of this estimate in comparison to FA4a. 
 
Normality and antisymmetry of the data 
Distribution of (R-L) differences around a mean of zero was observed with one-sample Kolmogorov-
Smirnov test (KS) with using standard deviation of (R-L) as the spread of these differences around that 
mean (Palmer & Strobeck 2003). Additional tests for skew (D’Agostino test for skewness in normally 
distributed data) and kurtosis (Anscombe-Glynn test of kurtosis for normal samples) were performed in R 
package ‘momments’ (Komsta & Novomestky 2015). Kurtosis shows information about the shape of the 
distribution with the value of 3 for univariate normal distribution. Values below 3 are considered as 
platykurtic, while above this value are leptokurtic (Liang et al. 2008). Skew is a measure of asymmetry of 
the distribution of a variable around its mean. Skew is zero in case of normal distribution. Negative values 
show distribution skew to the left, while positive values indicate on a right skew (Arnold & Groeneweld 
1995).  
Values for kurtosis were also compared with the table from Palmer & Strobeck (2003) for critical values 
of the kurtosis test statistic for deviations of frequency distributions from normality in the direction of 
platykurtosis and leptokurtosis for the appropriate sample size range. The table from Palmer & Strobeck 
(2003) is originally taken from Pearson & Hartley (1966) and D'Agostino (1986). For the purpose of the 





Spearman and Kendall rank correlation coefficients were used to test associations between trait 
asymmetry |R-L| and trait size (R+L)/2 (Palmer & Strobeck 2003) within each sex, population and group. 
Non-parametric tests avoid assumptions about homogeneity of variances, hence are more appropriate 
for FA data (Palmer & Strobeck 2003). In addition, differences in bone length between four traits, as well 
as between populations and groups for the same trait were tested with Kruskal-Wallis rank sum test. 
Separate tests were performed with average values between two sides for each sex, population / strain 
and group.  
 
Differences between age and sex 
Hybrid individuals differed in age, with a range between 62 to 86 days old (nineteen age groups in total) 
and most of the individuals between 81 to 86 days old (93 individuals). Differences in unsigned deviations 
between different age groups were tested as absolute differences between sides (|R-L| and |ln(R/L)|) 
over age expressed in days with Spearman and Kendall rank correlation coefficients. 
Differences in FA values between sexes and among traits in each population and group were tested with 
two-way ANOVA. In addition, Mann-Whitney-Wilcoxon test (Wilcoxon rank sum test) was performed for 
each bone within population and group between two sexes. Tests included both FA estimates (FA1 and 
FA8). Within populations / strains, tests were performed between all males and females (without outliers 
for larger differences between sides). Further, when data were pooled to a higher level (groups), 
differences between sexes were estimated from the data which were included (i.e. if we missed a bone 
of a certain sex in this group, it was not considered). 
 
Comparisons between populations / strains and groups 
Differences in level of FA between traits per population / strain and group, as well as between populations 
/ strains or group for each bone were tested with non-parametric Kruskal-Wallis analysis of variance, 
because asymmetry distributions |R-L| and |ln(R/L)| (FA1 and FA8) are truncated at zero and skewed to 
the right (Palmer & Strobeck 1986, 2003). Descriptors of FA estimate the variance, therefore, tests for 
heterogeneity of variance such as F-test have been shown as the most appropriate for testing the 




Additional tests for differences in FA between populations or groups and traits were performed with two-





The measurement error (ME) of each separate bone length estimated with ANOVA was on average 0.295% 
across all comparisons included (measurement error of the right and of the left side in all bones) with the 
minimum found in left ulna in hybrids (0.043%) and the maximum in left ulna of KH males (1.120%) (Table 
S1.2).  
Two-way, mixed model ANOVA in a subset measured twice revealed significantly larger between-sides 
variation than the measurement error (p < 0.001), which supported further analyses of asymmetry 
variation (see Methods). Contribution of the error variance in the total between-sides variance (ME3) was 
between 2.301% in ulna of MC females, up to 10.469% in ulna of KH males (overall comparison included 
all bones in each tested group). Repeatability of FA (ME5) followed these results (Table S1.2).  
Directional asymmetry (DA) tested with this approach revealed significant differences in humerus of KH 
males (p = 0.048) and CB females (p = 0.040), ulna of KH (p = 0.007) and MC females (p = 0.022) and tibia 
of hybrids (p = 0.021). After including individuals with only one measurement, presence of DA with one-
sample t-test for bones in these groups was found only in MC females, however, more groups with 
potential DA appeared (Table S1.3).  
An additional test for significance of fluctuating asymmetry relative to measurement error was performed 
without individuals with larger deviation between sides. Between-sides variation was confirmed to be 
higher than the measurement error, although contribution of the error variance was slightly higher, with 
the highest values reported in femur of AH males (13.113%) and AH females (11.753%). Directional 
asymmetry was found in the same bones as reported, except for ulna of CB females (data not shown).  
 
Preliminary analyses per population / strain and sex 
After removing outliers based on larger differences between two sides (see Methods and Supplementary 




This observation revealed significant values in DA tests for humerus of CD1 and C57BL/6J, both males and 
females, ulna of MC and PWD females, femur and tibia of AH females, while marginal DA was found in 
humerus of MC females. Close to marginal DA was found in humerus of CB males, ulna of CB females, 
femur of MC males, tibia of KH males (Wilcoxon signed test revealed significance) and PWD females (Table 
S1.4a and Figures S1.3 - S1.5). Significant departure from normality was detected in humerus of CD1 
females and C57BL/6J, both females and males, ulna PWD females, femur in MC males and AH females, 
tibia of KH males. Skew was marginal in ulna of PWD females and close to marginal in ulna of KH females 
and tibia in KH, both males and females. Kurtosis was found in humerus of CD1 females and tibia of PWD 
males; close to marginal in humerus of AH males and PWD females (Table S1.5a and Figures S1.3 - S1.5). 
Association of FA to character size was present in humerus of CB males, ulna and tibia of MC females, 
femur C57BL/6Jf and tibia CD1 males (Table S1.6a). 
After Bonferroni correction for multiple tests across four traits in respective groups, significant DA 
remained in humerus C57BL/6J males and females, ulna of PWD females and femur of AH females. 
Further, departure from normality was detected in ulna of PWD females and tibia of KH males, while 
kurtosis was present in tibia of PWD males. 
Both FA estimates (FA1 and FA8) were first compared for differences between sexes with two-way 
ANOVA, which revealed close to marginal significances in MC and AH populations with unscaled estimates, 
while data calculated with size-scaled FA (|ln(R/L)|), indicated differences in KH and AH populations, 
although only marginal (Table S1.7). Neither group showed a significant interaction term, except marginal 
in PWD population with unscaled FA. This would be interpreted as differences in FA between sexes 
depending on the trait (Palmer & Strobeck 2003). Further, separate analyses per bone in each population 
and group with Mann-Whitney-Wilcoxon test, yielded significant differences between sexes in humerus 
of AH, femur of MC and tibia of PWD with |R-L| values. Similar results were found with scaled differences, 
with additional marginal influence noted for ulna in PWD, while tibia of PWD was close to marginal (Table 
S1.8). However, significance was not detected after Bonferroni correction for multiple tests. In the hybrid 
group, only males were included, therefore, they were omitted from these tests.  
The hybrid group was tested for differences in FA due to age. An influence was found in ulna and marginal 
in humerus of the first hybrid subgroup in both data, tested as FA1 and FA8 over age (Table S1.9). 




After tests for differences in FA between age groups in hybrids and between sexes in each population / 
strain and group, no major differences appeared, therefore the data were pooled and used in further 
analyses. 
Due to marginal and significant differences which arose per group when data were pooled for sex per 
group, which directed even larger differences when data were pooled to outbred and inbred groups (data 
not shown), further analyses included data only from sexes per bone which did not express larger 
deviations in distribution of raw (R-L) values. Therefore, the following bones per sex were excluded (with 
abbreviation for the type of asymmetry, DA refers to directional asymmetry, KS stands for departure from 
normality tested with Kolmogorov-Smirnov): humerus in AH males (kurtosis), CB males (DA close to 
marginal), MC females (marginal DA), CD1 males and females (DA in both, with KS in females), C57BL/6J 
males and females (DA, KS), PWD females (kurtosis); ulna in PWD females (DA, KS); femur in AH females 
(DA, KS), MC males (close to marginal DA, KS); tibia in KH males (DA with Wilcoxon signed rank test, KS, 
skew), PWD males (kurtosis) (Tables S1.4a and S1.5a). 
 
DA and antisymmetry per population / strain and hybrid subgroup 
Analyses per population / strain with pooled sexes revealed significant DA in ulna of MC, although non-
significant after Bonferroni correction (Table 1.1a and Figure S1.6). Among hybrids, the second group 
showed significant differences (DA) in humerus and femur, as well as ulna in the sixth group, marginal 
influence was detected in humerus and femur of the first group (Table S1.4b and Figure S1.8). Significant 
departure from normality was found in ulna of MC and tibia of C57BL/6J, as well as in humerus of the first 
two hybrid groups. Significant kurtosis was seen in femur of CD1 and close to marginal in ulna of PWD 
strain and tibia in the first hybrid group (Table 1.2a and Figures S1.7 – S1.8). However, departure from 
normality and antisymmetry were not present after Bonferroni correction per population and strain. 
Relation with character size was found in ulna and tibia of MC, tibia of CD1, ulna and femur of the second 
and humerus in the fifth hybrid group, close to marginal in tibia of the third and humerus in the fourth 
group (Tables S1.6b and S1.6c).  
Bonferroni correction across four traits per relevant group among hybrids revealed the following 
differences: marginal DA in humerus and femur in the second group. This result was further reflected in 
significant DA when all hybrid groups were pooled together for humerus and femur (data not shown). 
Departure from normality (KS) was found significant in humerus of the second group, as well as in 




not shown). Due to larger deviations detected in humerus and femur, mostly from the first two groups, 
these were omitted from further analyses. In addition, data from the third group were excluded, because 
preliminary analyses with pooled data still showed departures in these two bones.  
 
DA and antisymmetry per group 
When populations / strains were pooled to groups, significant DA was found in femur of hybrid and tibia 
of the outbred group (Table 1.1b). Departure from normality in femur of the hybrid and humerus of an 
outbred group, as well as kurtosis in femur of the outbred group (Table 1.2b and Figure S1.9). Afterwards, 
all data for each bone were pooled together (Tables 1.1b and 1.2b); departure from normality was found 
only in humerus, while significant kurtosis was detected in femur and marginal in humerus (Figure S1.10). 
Kurtosis in femur remained significant after Bonferroni correction. Character size was found significant 
for the femur of an outbred group, which was reflected also when data were pooled together for this 
bone (Table S1.6d). 
DA and DAln values were also compared to FA4a index, which showed lower values than the index in all 
observations with pooled populations and groups, hence DA did not bias the tested data. 
Preliminary analyses of DA and antisymmetry with data used in index comparison did not reveal a major 
influence of these confounding factors. Spurious conclusions caused by greater signed differences 













Table 1.1. Tests for directional asymmetry (DA) with raw (R-L) and scaled ln(R/L) values per population / 
strain (a) and group (b). Data with excluded bones that showed larger deviation per sex in each population 
/ strain. Significant values are highlighted in blue, while marginal values are shown in bold. 
(a) 
Group Population Bone n DA = (R-L) DAln = ln(R/L) FA4a Strain Mean t p Mean t p 
Outbred 
KH 
Humerus 65 -0.018 -1.458 0.150 -1.64 x 10-3 -1.432 0.157 0.078 
Ulna 65 0.016 1.420 0.160 1.23 x 10-3 1.462 0.149 0.071 
Femur 65 0.002 0.164 0.871 9.29 x 10-5 0.142 0.887 0.061 
Tibia 30 0.003 0.173 0.864 1.54 x 10-4 0.165 0.870 0.065 
CB 
Humerus 31 -0.009 -0.564 0.577 -8.39 x 10-4 -0.597 0.555 0.073 
Ulna 61 0.010 0.909 0.367 6.37 x 10-4 0.875 0.385 0.066 
Femur 61 0.009 0.745 0.459 5.93 x 10-4 0.794 0.430 0.074 
Tibia 61 0.017 1.681 0.098 9.65 x 10-4 1.680 0.098 0.063 
MC 
Humerus 27 -0.001 -0.050 0.960 -9.51 x 10-5 -0.054 0.957 0.085 
Ulna 55 0.023 2.350 0.022 1.63 x 10-3 2.347 0.023 0.057 
Femur 28 -0.009 -0.610 0.547 -5.86 x 10-4 -0.596 0.556 0.063 
Tibia 55 0.005 0.520 0.605 2.78 x 10-4 0.463 0.646 0.062 
AH 
Humerus 29 -0.023 -1.693 0.102 -1.80 x 10-3 -1.679 0.104 0.058 
Ulna 52 -0.009 -0.624 0.536 -6.24 x 10-4 -0.662 0.511 0.082 
Femur 23 0.019 1.097 0.285 1.08 x 10-3 1.084 0.290 0.066 
Tibia 52 0.022 1.882 0.066 1.14 x 10-3 1.858 0.069 0.067 
CD1 
Ulna 48 0.003 0.261 0.795 1.73 x 10-4 0.211 0.834 0.067 
Femur 48 -0.003 -0.189 0.851 -1.97 x 10-4 -0.192 0.849 0.092 
Tibia 48 0.006 0.414 0.681 3.44 x 10-4 0.442 0.661 0.079 
Inbred 
PWD 
Humerus 33 -0.004 -0.203 0.841 -3.46 x 10-4 -0.222 0.826 0.079 
Ulna 33 0.026 1.471 0.151 2.04 x 10-3 1.459 0.154 0.082 
Femur 60 0.006 0.504 0.616 3.69 x 10-4 0.482 0.632 0.069 
Tibia 27 -0.032 -1.787 0.086 -2.12 x 10-3 -1.783 0.086 0.075 
C57BL/6J 
Ulna 57 -0.013 -1.345 0.184 -9.11 x 10-4 -1.352 0.182 0.057 
Femur 57 -0.007 -0.515 0.609 -4.35 x 10-4 -0.510 0.612 0.082 
Tibia 57 0.024 1.913 0.061 1.36 x 10-3 1.895 0.063 0.077 
 (b) 
Group Bone n DA = (R-L) DAln = ln(R/L) FA4a Mean t p Mean t p 
Hybrid 
Humerus 77 -0.005 -0.553 0.582 -5.02 x 10-4 -0.629 0.531 0.0635 
Ulna 155 -0.004 -0.689 0.492 -2.98 x 10-4 -0.681 0.497 0.0591 
Femur 77 -0.023 -2.271 0.026 -1.52 x 10-3 -2.241 0.028 0.0703 
Tibia 155 -0.009 -1.411 0.160 -5.66 x 10-4 -1.412 0.160 0.0659 
Outbred 
Humerus 152 -0.014 -1.849 0.066 -1.23 x 10-3 -1.828 0.070 0.075 
Ulna 281 0.009 1.757 0.080 6.55 x 10-4 1.807 0.072 0.069 
Femur 225 0.003 0.491 0.624 1.84 x 10-4 0.477 0.634 0.072 
Tibia 246 0.012 2.156 0.032 6.28 x 10-4 2.090 0.038 0.067 
Inbred 
Humerus 33 -0.004 -0.203 0.841 -3.46 x 10-4 -0.222 0.826 0.079 
Ulna 90 0.002 0.171 0.865 1.70 x 10-4 0.250 0.803 0.068 
Femur 117 -0.001 -0.064 0.949 -2.27 x 10-5 -0.040 0.968 0.075 
Tibia 84 0.006 0.567 0.572 2.40 x 10-4 0.376 0.708 0.079 
All together* 
Humerus 262 -0.010 -1.805 0.072 -9.06 x 10-4 -1.830 0.068 0.072 
Ulna 526 0.004 1.080 0.281 2.91 x 10-4 1.120 0.263 0.066 
Femur 419 -0.003 -0.614 0.539 -1.86 x 10-4 -0.642 0.522 0.073 




Table 1.1. (continued): Group – defines a group to which a population / strain belongs (a) and data for pooled populations / strains 
(b). Population / Strain – defines used population / strain. Bone – limb bone used in the test. n – number of individuals used per 
bone per sample. Mean – mean value of (R-L) and ln(R/L) tested for departure from zero. Test for DA with one-sample t-test (t) 
and Wilcoxon signed rank test (V). FA4a – the average deviation around the mean (R-L) (Palmer and Strobeck 2003). 
* All data used per bone (i. e. complete data for each bone pooled from all three groups). 
 
Table 1.2. Tests for departure from normality, skew and kurtosis in raw (R-L) data per population / strain 
(a) and group (b). Significant values are highlighted in blue, while marginal values are shown in bold. 
(a) 
Group Population Bone n Kolmogorov - Smirnov Skew Kurtosis Strain D  p Skew p Kurtosis p 
Outbred 
KH 
Humerus 65 0.126 0.237 0.143 0.609 2.307 0.166 
Ulna 65 0.135 0.174 -0.356 0.210 2.715 0.836 
Femur 65 0.062 0.954 0.207 0.460 2.460 0.377 
Tibia 30 0.136 0.591 0.734 0.071 2.610 0.924 
CB 
Humerus 31 0.137 0.560 0.341 0.373 2.430 0.642 
Ulna 61 0.103 0.504 -0.131 0.648 3.484 0.261 
Femur 61 0.100 0.543 -0.042 0.884 2.308 0.187 
Tibia 61 0.150 0.115 -0.113 0.694 3.372 0.329 
MC 
Humerus 27 0.174 0.347 0.613 0.140 2.601 0.947 
Ulna 55 0.190 0.033 -0.278 0.358 2.747 0.942 
Femur 28 0.094 0.945 -0.223 0.573 2.780 0.831 
Tibia 55 0.068 0.944 0.160 0.594 2.271 0.179 
AH 
Humerus 29 0.201 0.169 0.040 0.918 2.592 0.909 
Ulna 52 0.107 0.553 0.111 0.718 2.359 0.313 
Femur 23 0.157 0.571 -0.119 0.778 2.451 0.799 
Tibia 52 0.124 0.373 0.324 0.297 2.480 0.502 
CD1 
Ulna 48 0.071 0.953 0.295 0.357 2.712 0.924 
Femur 48 0.120 0.460 0.087 0.783 2.002 0.026 
Tibia 48 0.080 0.891 0.023 0.942 2.273 0.230 
Inbred 
PWD 
Humerus 33 0.107 0.804 -0.028 0.939 2.133 0.208 
Ulna 33 0.168 0.276 -0.148 0.689 1.992 0.086 
Femur 60 0.060 0.973 0.214 0.460 2.434 0.367 
Tibia 27 0.216 0.139 0.277 0.490 1.978 0.132 
C57BL/6J 
Ulna 57 0.141 0.188 0.228 0.442 2.535 0.559 
Femur 57 0.091 0.701 0.122 0.680 2.311 0.214 











Group Bone n Kolmogorov - Smirnov Skew Kurtosis D  p Skew p Kurtosis p 
Hybrid 
Humerus 77 0.094 0.478 -0.143 0.582 2.351 0.163 
Ulna 155 0.051 0.823 -0.182 0.339 2.850 0.870 
Femur 77 0.157 0.039 0.161 0.535 2.593 0.544 
Tibia 155 0.069 0.448 -0.090 0.632 2.686 0.476 
Outbred 
Humerus 152 0.116 0.033 0.327 0.093 2.641 0.385 
Ulna 281 0.070 0.132 -0.136 0.341 2.798 0.561 
Femur 225 0.041 0.849 0.018 0.910 2.462 0.038 
Tibia 246 0.070 0.175 0.149 0.328 2.636 0.214 
Inbred 
Humerus 33 0.107 0.804 -0.028 0.939 2.133 0.208 
Ulna 90 0.058 0.900 0.225 0.356 2.375 0.144 
Femur 117 0.061 0.775 0.121 0.573 2.435 0.139 
Tibia 84 0.078 0.659 -0.119 0.632 2.365 0.152 
All together* 
Humerus 262 0.093 0.021 0.166 0.263 2.518 0.054 
Ulna 526 0.042 0.302 -0.053 0.614 2.765 0.268 
Femur 419 0.051 0.223 0.080 0.500 2.471 0.004 
Tibia 485 0.030 0.777 0.022 0.845 2.661 0.088 
Group – defines a group to which a population / strain belongs (a) and data for pooled populations / strains (b). Population / 
Strain – defines used population / strain. Bone – limb bone used in the test. n – number of individuals used per bone per sample. 
One-sample Kolmogorov-Smirnov test for departure from normality (D – test statistics and p – value). Tests for skew (D’Agostino) 
and kurtosis (Anscombe-Glynn) with corresponding p-values. 
* All data used per bone (i. e. complete data for each bone pooled from all three groups). 
 
 
Differences in bone length  
Due to significant differences in bone length of the same bone between different populations / strains 
and groups (data for all males and females per population / strain, with hybrid group included (553 
individuals)), and in the length of different bones (Figures 1.2 - 1.3 and S1.11) (Kruskal-Wallis rank sum 
test, p < 2.2 x 10-16), the size-adjusted index is a better option for comparing the differences in FA levels 
between populations / strains and groups for the same trait and between different traits. Only in the 
hybrid group differences for the same bone were not found between H1, H2 and H3, but these three 
groups differed from H5 and H6 which were not significant among themselves. H4 showed differences 
with H2 in ulna, femur and tibia; H3 did not differ from H6 in femur (data not shown). Descriptive statistics 





Figure 1.2. Bone length averaged between the right and the left side in forelimb bones (humerus, ulna, 
upper graphs) and hindlimb bones (femur, tibia, lower graphs) in outbred: M. m. musculus (KH), hybrid 
group (with hybrid subgroups pooled), M. m. domesticus (CB, MC, AH, CD1) and two inbred strains (PWD, 
C57BL/6J). The red diamond shows the mean bone length value in each population / strain. 
 
Figure 1.3. Bone length averaged between the right and the left side in forelimb bones (humerus, ulna, 
upper graphs) and hindlimb bones (femur, tibia, lower graphs) in the hybrid group (with hybrid subgroups 
pooled), outbred and inbred groups (with populations / strains pooled per group). The red diamond shows 




Comparisons of differences in FA 
Two-way ANOVA between groups and among traits performed with size-scaled |ln(R/L)| data showed 
significant variability among traits in hybrid and outbred group, whereas only marginal differences in the 
inbred group, which implies different levels of asymmetry between traits. Differences between 
populations were found in an outbred group and among two inbred strains, as well when data were 
pooled together to hybrid, outbred and inbred group. Interaction term (Group x Trait) was significant in 
an outbred and inbred group, which explains different levels of asymmetry between populations / strains, 
depending on information from multiple traits (Table S1.11). Therefore, additional tests with dividing 
mean squares of the group over the mean squares of the interaction were performed, although no 
significant result was found for differences between populations in each respective group.  
Previous tests with Spearman and Kendall correlation coefficient did not detect dependence of FA on trait 
size between individuals from different groups in each separate trait (Table S1.6), therefore, additional 
tests with unscaled data were performed as well (Table S1.11). Significant differences were present only 
in the interaction term of outbred and inbred groups and between groups in all data pooled together. A 
marginal difference between populations was found only among outbred groups.  
 
Differences between the bones per population / strain and group 
Separate tests were performed between the traits within each group with Kruskal-Wallis rank sum test in 
size-scaled data (Table 1.3). Results showed significant differences between the bones in all outbred 
populations, as well as in the PWD strain from an inbred group. Pairwise comparison using Wilcoxon rank 
sum test with Bonferroni correction showed the following differences (the first letter stands for a 
corresponding bone): in KH population: H-F, H-T; CB pop: H-T and marginal in H-U; MC pop: H-U, H-T; AH: 
U-T; CD1: marginal between U-F (Figure S1.12), while significance was absent in PWD after correction 
(Figure S1.13). Among hybrid subgroups, the first three groups were tested only for differences between 
ulna and tibia with Wilcoxon rank sum tests, while other groups were tested for differences between all 
four bones with the aforementioned test. Nevertheless, none of the hybrid subgroups showed significant 
differences between the bones (Figure S1.14). 
Populations and strains were further pooled to groups, this comparison yielded significant differences in 
hybrids between H-U and H-T, in the outbred group between H-U, H-F, H-T, U-T and F-T, while the inbred 




data from all groups were pooled together, significant differences were reflected between all bones, 
except between U-F (Table 1.3 and Figure S1.15). Additional tests with unscaled data found differences 
only in CD1 between U-F, as well as when all groups were pooled together (Table S1.12).  
 
Table 1.3. Comparison of differences in fluctuating asymmetry levels between bones with Kruskal-Wallis 
test and Mann-Whitney U test (when only two bones were included). 
Group 
Subgroup /  
Population 
/ Strain 
N of ind per bone                        
H / U / F / T 




H11 25 / 25 363 0.335 
H21 31 / 31 490 0.900 
H31 22 / 22 280 0.382 
 χ2 df p 
Hybrid 
H4 20 / 20 / 20 / 20 4.106 
3 
0.250 
H5 25 / 25 / 25 / 25 1.689 0.640 
H6 32 / 32 / 32 / 32 6.138 0.105 
Outbred 
KH 65 / 65 / 65 / 30 12.979 
3 
0.005* 
CB 31 / 61 / 61 / 61 13.699 0.003* 
MC 27 / 55 / 28 / 55 9.967 0.019* 
AH 29 / 52 / 23 / 52 8.902 0.031* 
CD1 48 / 48 / 48 7.031 2 0.030 
Inbred PWD 33 / 33 / 60 / 27 8.462 3 0.037 C57BL/6J 57 / 57 / 57 1.898 2 0.387 
Hybrid 
Humerus = 77 
Ulna = 155        
Femur = 77     





Humerus = 152 
Ulna = 281  
Femur = 225  
Tibia = 246 
38.112 2.68 x 10-8* 
Inbred 
Humerus = 33 
Ulna = 90       
Femur = 117 
Tibia = 84 
7.700 0.053* 
All together** 
Humerus = 262 
Ulna = 526       
Femur = 419  
Tibia = 485 
56.853 2.76 x 10-12* 
1In the first three hybrid subgroups only ulna and tibia were included, therefore, Wilcoxon rank sum test was performed in 
comparison between these two bones. W – test statistics for the Man-Whitney U test. χ2 – test statistics for the Kruskal-Wallis 
test. df – degree of freedom. p - value < 0.05 
*Significant after Bonferroni correction: KH: humerus – femur (p = 0.007), humerus – tibia (p = 0.039); CB: humerus – tibia (p = 
0.002), marginal in humerus – ulna (p = 0.057); MC: humerus – ulna (p = 0.040), humerus – tibia (p = 0.025); AH: ulna – tibia (p = 
0.036); CD1: marginal between ulna – femur (p = 0.056); hybrids pooled to one group: humerus – ulna (p = 0.022), humerus – 
tibia (p = 0.002); outbred pooled to one group: humerus – ulna (p = 5.20 x 10-4), humerus – femur (p = 1.18 x 10-3), humerus – 




Table 1.3. (continued): 
and marginal between humerus – femur (p = 0.071). All data pooled together: humerus – ulna (p = 9.30 x 10-7), humerus – femur 
(p = 6 x 10-5), humerus – tibia (p = 9.60 x 10-13), ulna – tibia (p = 0.039), femur – tibia (p = 0.002).  
** All data used per bone (i. e. complete data for each bone pooled from all three groups). 
 
 
Figure 1.4. Difference in FA levels (FA8 index) between four bones in hybrid (subgroups pooled), outbred 
and inbred group (populations / strains pooled). Significant differences between bones are marked with 
an asterisk. Longer line bar shows significance between corresponding bone with other bones marked 
with a shorter line bar. The yellow diamond shows the median FA value per bone in each group. 
 
Differences between populations / strains and groups for the same bone 
Another comparison included differences in median FA values between populations / strains and groups 
for the same trait (Table 1.4), these tests were based on scaled FA values |ln(R/L)|. Significant difference 
was detected in femur between outbred populations and ulna between PWD and C57BL/6J strains when 
observed within the group. Differences in outbred populations were not significant after Bonferroni 
correction (Figure 1.5). When data were compared between all tested populations and strains, with 
hybrids pooled to one group (155 individuals), a significant difference remained in ulna, although nothing 
was significant after Bonferroni correction (Table 1.4). Comparison between the groups with pooled 
populations / strains per group found significant difference only in tibia between hybrid, outbred and 








Table 1.4. Comparison of differences in fluctuating asymmetry levels between populations / strains and 
groups for the same bone with Kruskal-Wallis test and Mann-Whitney U test (when only two populations 
were included). 
Group Bone n  
Kruskal-Wallis rank sum test on 
|ln(R/L)| 
χ2 df p 
Hybrid 
Humerus 77 0.585 2 0.746 
Ulna 155 1.573 5 0.905 
Femur 77 0.669 2 0.716 
Tibia 155 2.788 5 0.733 
Outbred 
Humerus 152 4.610 3 0.203 
Ulna 281 5.299 
4 
0.258 
Femur 225 9.576 0.048 
Tibia 246 4.486 0.344 




Ulna 90 609 0.006 
Femur 117 1809 0.591 
Tibia 84 622 0.159 
Comparison per population / strain  
and subgroup (hybrid subgroups separated) 




Humerus 262 7.602 7 0.369 
Ulna 526 16.592 12 0.166 
Femur 419 11.438 9 0.247 
Tibia 485 15.245 12 0.228 
Comparison per population / strain  
and group (hybrid subgroups pooled) 




Humerus 262 7.151 5 0.210 
Ulna 526 15.261 
7 
0.033 
Femur 419 10.660 0.154 
Tibia 485 12.353 0.090 
Comparison per group 




Humerus 262 2.087 
2 
0.352 
Ulna 526 2.293 0.318 
Femur 419 0.736 0.692 
Tibia 485 6.205 0.045* 
1In inbred group, only PWD males have included humerus. 
χ2 – test statistics for the Kruskal-Wallis test. df – degree of freedom. W – test statistics for the Man-Whitney U test. p - value < 
0.05 






Figure 1.5. Difference in FA levels (FA8 index) between populations / strains per bone in hybrid, outbred 
and inbred groups. Significant differences between bones are marked with an asterisk. The yellow 
diamond shows the median FA value per bone in each hybrid subgroup and population / strain. 
 
 
Figure 1.6. Difference in FA levels (FA8 index) between groups per bone in hybrid, outbred and inbred 
groups. Significant differences between bones are marked with an asterisk. The yellow diamond shows 





Additional analyses were done with unscaled FA values (Table S1.13), which yielded similar results as with 
scaled, with significant differences in femur of an outbred group, between KH and CD1, as well as close to 
marginal between MC and CD1. This difference in femur bone was further reflected between KH and CD1 
when all data are tested together, with hybrids being pooled in one group. 
Moreover, I tested data (FA8 values) with all males and females included (Table S1.14) and with non-
filtered data (i. e. all individuals before exclusion for larger differences between two sides) (Table S1.15). 
Interestingly, when all males and females were included in the analysis, the same pattern was found as in 
the main analysis, with only higher significance values, particularly in PWD, and additional significance in 
the first two hybrid subgroups (between all four bones). A similar outcome was found in comparison 
between populations and groups for the same bone, with additional significance in tibia between two 
inbred strains, then in tibia between different populations and ulna in comparison between the groups. 
Similarities were found even with the non-filtered data set, although these differences were higher and 
probably biased with other possible types of asymmetry. 
Organism-wide developmental instability was examined with the composite index (FA17). This was 
calculated based on the number of traits that were available per individual (e.g. among hybrids, DI in the 
first three subgroups was estimated only based on ulna and tibia, while other three groups included 
information from all four bones). Differences based on the FA17 index were detected with the Kruskal-
Wallis rank sum test (χ2 = 28.346, df = 7, p = 1.90 x 10-4). After pairwise comparisons using Wilcoxon rank 
sum test with Bonferroni correction, significant values were found between KH to hybrid group (pooled); 
PWD to CB, AH and hybrid group (pooled) (Figure 1.7). Marginal significance was detected between PWD 
to MC and C57BL/6J. Comparison between the groups was found significant as well (χ2 = 9.465, df = 2, p = 
0.009), although significance was found only between inbred and hybrid group (Figure 1.8). Indices per 





Figure 1.7. Differences in organism-wide DI (FA17 index) between populations in outbred: M. m. musculus 
(KH), hybrid group (with hybrid subgroups pooled), M. m. domesticus (CB, MC, AH, CD1) and two inbred 
strains (PWD, C57BL/6J). Significant differences between populations are marked with an asterisk. The 
longer line bar shows significance between corresponding population with other populations. The yellow 
diamond shows the median FA17 value for each population. 
 
 
Figure 1.8. Differences in organism-wide DI (FA17 index) between hybrid group (with hybrid subgroups 
pooled), outbred and inbred groups (with populations pooled per group). Significant differences between 





Table 1.5. FA1 and FA8 indices for each bone and composite measure of FA (FA17) per population / 
strain (a) and group (b). 
(a) 
Group Pop / Bone n FA1 FA8 FA17 Strain Mean Median Mean Median Mean Median 
Outbred 
KH 
Humerus 65 0.0806 0.0712 0.0076 0.0067 
0.0055 0.0055 Ulna 65 0.0721 0.0564 0.0054 0.0043 Femur 65 0.0627 0.0563 0.0043 0.0040 
Tibia 30 0.0671 0.0606 0.0042 0.0038 
CB 
Humerus 31 0.0771 0.0655 0.0066 0.0055 
0.0045 0.0043 Ulna 61 0.0639 0.0544 0.0044 0.0038 Femur 61 0.0746 0.0625 0.0047 0.0041 
Tibia 61 0.0615 0.0553 0.0035 0.0031 
MC 
Humerus 27 0.0858 0.0573 0.0073 0.0047 
0.0046 0.0041 Ulna 55 0.0594 0.0525 0.0043 0.0037 Femur 28 0.0638 0.0545 0.0042 0.0035 
Tibia 55 0.0631 0.0596 0.0037 0.0035 
AH 
Humerus 29 0.0620 0.0555 0.0049 0.0047 
0.0046 0.0042 Ulna 52 0.0850 0.0838 0.0056 0.0054 Femur 23 0.0672 0.0530 0.0039 0.0030 
Tibia 52 0.0686 0.0541 0.0036 0.0028 
CD1 
Ulna 48 0.0669 0.0483 0.0045 0.0032 
0.0050 0.0047 Femur 48 0.0988 0.0933 0.0061 0.0057 
Tibia 48 0.0811 0.0727 0.0044 0.0041 
Inbred 
PWD 
Humerus 33 0.0827 0.0672 0.0075 0.0061 
0.0059 0.0062 Ulna 33 0.0878 0.0748 0.0069 0.0058 Femur 60 0.0704 0.0605 0.0048 0.0043 
Tibia 27 0.0847 0.0849 0.0055 0.0056 
C57BL/6J 
Ulna 57 0.0593 0.0567 0.0042 0.0041 
0.0047 0.0049 Femur 57 0.0844 0.0714 0.0053 0.0045 
Tibia 57 0.0804 0.0633 0.0045 0.0036 
(b) 
Group Bone n FA1 FA8 FA17 Mean Median Mean Median Mean Median 
Hybrid 
Humerus 77 0.0667 0.0622 0.0059 0.0053 
0.0045 0.0044 Ulna 155 0.0596 0.0534 0.0044 0.0039 Femur 77 0.0754 0.0727 0.0051 0.0048 
Tibia 155 0.0663 0.0572 0.0040 0.0034 
Outbred 
Humerus 152 0.0772 0.0629 0.0068 0.0055 
0.0049 0.0047 Ulna 281 0.0693 0.0566 0.0049 0.0039 Femur 225 0.0742 0.0636 0.0048 0.0041 
Tibia 246 0.0678 0.0600 0.0038 0.0035 
Inbred 
Humerus 33 0.0827 0.0672 0.0075 0.0061 
0.0053 0.0053 Ulna 90 0.0698 0.0626 0.0052 0.0047 Femur 117 0.0772 0.0674 0.0051 0.0045 
Tibia 84 0.0818 0.0669 0.0048 0.0038 
All data together* 
Humerus 262 0.0748 0.0631 0.0066 0.0055 
0.0048 0.0047 Ulna 526 0.0665 0.0561 0.0048 0.0040 Femur 419 0.0753 0.0671 0.0049 0.0044 




Table 1.5. (continued): Group – defines a group to which a population / strain belongs (a) and data for pooled populations / strains 
(b). Population / Strain – defines used population / strain. Bone – limb bone used in calculation. n – number of individuals used 
per bone per sample. Mean and median values are shown per index in each bone. 





Overview of differences in bone length 
Forelimb bones are shorter than the hindlimb bones, with ulna being longer in the forelimb and tibia in 
the hindlimb. Among outbred populations, AH and CD1 have the longest and KH the shortest bones. Mice 
from the hybrid zone show intermediate length between the two subspecies. The inbred group shows 
differences between two strains, with bones from PWD being smaller than C57BL/6J. Standard deviations 
are usually larger in hindlimb bones, except in inbred strains (PWD and C57BL/6J males and females), 
which showed similar variances between bones, with the smallest values in C57BL/6J; this pattern was 
reflected in the coefficient of variation as well. When populations were pooled for sex, the smallest 
standard deviations could still be seen in C57BL/6J. Comparison among groups found the longest bones 
in an outbred group, while the inbreed group showed shorter forelimbs, but longer hindlimbs than the 
hybrid group. Variances in the bone length were on average smaller in the hybrid group in comparison to 
the other two groups (Table S1.10). 
 
Differences in FA level 
Larger differences between sides were found in forelimbs, with humerus showing on average larger 
deviations. Among outbred populations, KH showed the highest FA values for humerus. These were 
significant in comparison to femur and tibia, although non-significant when compared to other outbred 
populations for the same bone. CB and MC populations showed similar differences, while AH population 
differed between ulna and tibia. In CD1 animals, data for humerus were excluded beforehand due to 
indication toward other types of asymmetry (Figure S1.12). Inbred strains and hybrid subgroups did not 
show significant differences between the bones (Figures S1.13, S1.14). However, ulna in PWD females 
found departure from normality and tibia in PWD males showed platykurtosis, while humerus in C57BL/6J 




the FA analyses. In the hybrid group, larger deviations in asymmetry were found in humerus and femur of 
the first two groups (Tables S1.4b, S1.5b). Similarities in FA indices occurred with humerus of these hybrid 
subgroups which are closer to M. m. musculus and also showed larger deviation. Median FA8 values in for 
humerus in the first three hybrid groups (0.0072, 0.0068, 0.0079) (Table S1.16b), KH (M. m. musculus) 
(0.0067) and PWD (wild-derived strain with M. m. musculus origin) (0.0061) (Table 1.5a) were higher than 
in other populations / strains and subgroups for this bone. Mean FA8 values were higher than median and 
followed described differences in these populations, with also including humerus of MC (0.0073). On the 
other hand, more individuals were included for humerus in KH (65) in comparison to other populations, 
however, the pattern remained when data were examined with all males and females included; all hybrids 
pooled (155 ind., median FA8 = 0.0064), PWD (60 ind., median FA8 = 0.0072) (Table S1.14c) and even with 
non-filtered data (Table S1.15c). Differences in FA were compared in each group, humerus confirmed 
more deviation than other bones, in the hybrid group differed from ulna and tibia, while in inbred group 
only from tibia. Nevertheless, the outbred group showed significant differences among humerus and all 
other bones, additional finding was in tibia which differed from ulna and femur (Figure 1.4). Further, data 
from all groups were pooled per bone, which showed the same pattern between bones as in an outbred 
group (Figure S1.15).  
Results for humerus could be biased due to smaller bone size, although the measurement error was 
comparable to other bones (Table S1.2). Another explanation could be the influence of other types of 
asymmetry in this bone and hence, it should be completely excluded from FA observation, although 
preliminary analyses did not find strong DA even when all males and females per population were included 
(tested as a comparison of raw mean asymmetry (R-L) to a FA4a index), but presence of platykurtosis, or 
tendency toward bimodality (Van Valen 1962; Palmer & Strobeck 2003) was obvious in some groups (e.g. 
in hybrid group when all data for humerus were included, in CD1 and PWD with all males and females 
pooled). Sample size, which was smaller for humerus was also investigated with inclusion of all males and 
females after removing possible outliers based on larger differences between sides, however, final results 
remained unchanged. Another bone with platykurtosis was tibia in PWD males, although, final 
examination in all four bones (i. e. when all data per bone were pooled) found this type of kurtosis in 
femur bone.  
Observation with different populations / strains and hybrid subgroups per bone did not yield major 




for ulna. Groups did not differ for the same bone as well, only significance was found in tibia between 
outbred and inbred groups. 
Composite index based on multiple traits per individual showed the PWD strain as being statistically 
different from CB, AH populations and pooled hybrid group, while KH differed from the pooled hybrid 
group. The lowest median FA17 index is reported in MC (0.0041) and the highest in PWD (0.0062) (Table 
1.5a). Mean values for the FA17 index were similar, with the lowest in CB (0.0045) and highest in PWD 
(0.0059). Among groups, developmental instability was higher in inbred animals (0.0053) and lower in the 
hybrid group (0.0044) (Table 1.5b), which is reflected in significant differences between them. 
Overall, my result in limb bones for the hybrid group found an overlap with the previous study of 
craniofacial shape transition across the house mouse hybrid zone (Pallares et al. 2016), which confirmed 
that the level of fluctuating asymmetry was not affected by the degree of hybridization. However, mean 
FA values in the hybrid group were on average smaller in comparison to the outbred group which consists 
of pure subspecies, as also noticed in organism-wide DI. This was comparable with Alibert and Renaud 
(1994) who showed decrease in FA in lower molars of the hybrids between M. m. musculus and M. m. 
domesticus. Although development of dental characters (in their study) was shown to be more stable in 
these hybrids, an opposite result was found for reproductive fitness in hybrids (Vanlerberghe et al. 1986, 
1988; Tucker et al. 1992; Dod et al. 1993), also higher parasite load was described in M. musculus hybrids 
(mentioned in Alibert & Renaud 1994). Continuation of the study from Alibert and Renaud (1994) in 
laboratory hybrids between M. m. musculus and M. m. domesticus did not show larger differences in FA 
levels among F1, F2 and backcross hybrids, hence recombination between the genomes did not influence 
major perturbations in development, which is reflected in preserved heterosis in the backcross and F2 
hybrids for dental characters (Alibert et al. 1997). Additional observation between laboratory and wild 
samples revealed lower FA levels in laboratory M. m. musculus and M. m. domesticus individuals in 
comparison to wild house mice from the hybrid zone in Denmark, although this difference was only slight 
(Alibert et al. 1997).  In addition, F1 hybrid sterility did not show any connection with the level of FA 
(Alibert et al. 1997), which was consistent with the study on wild populations (Alibert et al. 1994). 
Lower level of FA in the hybrid group might be also influenced by age, with mice from the hybrid zone 
being much younger than all other populations (mean age in the hybrid group ~ 79 days old). Impact of 
age cannot be completely ruled out because I did not have any hybrid individual at later age, nor younger 
individuals from the other two groups (outbred and inbred) were included. Preliminary analyses for FA 




populations from an outbred group also did not show significant differences, hence age influence was not 
considered as a bias in the analysis. 
Less stability is found in the inbred group, with significantly greater deviation from the hybrid group. 
However, this conclusion is mostly biased due to PWD. On the other hand, similar results were reported 
in inbred strains of mice, with more FA in osteometric traits than the hybrids (Leamy 1984, 1992). Carter 
et al. (2009) observed a connection between genetic stress (inbreeding) and the values of FA in the wing 
of two outbred unrelated laboratory populations of Drosophila melanogaster. Higher levels of FA were 
found in inbred lines, whereby he confirmed previous studies in more homozygous populations 
(Waldmann 1999; Schaefer et al. 2006). Moreover, inbreeding may express various effects in different 
populations (Lens et al. 2000). 
Among other examples reported in the literature, reduced developmental stability, measured as 
increased FA or higher frequency of developmental abnormalities was described in different organisms, 
such as birds (unpublished results cited in Graham 1992), fish (Graham & Felley 1985; Leary et al. 1985), 
frogs (Szymura & Barton 1986), insects (Ross & Robertson 1990) and plants (Manley & Ledig 1979). 
Example of inter-genera hybrids between bison (Bison bonasis) and domestic cattle (Bos taurus) 
(unpublished results cited in Graham 1992), reported an effect on reproduction but not on developmental 
stability. Higher stability was also reported for several characters in hybrids between two subspecies of 
sagebrush in comparison to their parents (Freeman et al. 1995).  
 
Studies of FA in limb bones 
Hallgrímsson et al. (2003) investigated changes in the level of FA in limb skeletal structures of CD1 mice 
during prenatal development, which resulted in FA differences based on the timing of developmental 
events. The study found decreased FA in size during fetal growth (between 14 and 17.5 days old), an 
opposite result was shown in skeletal structures of the three primate species during postnatal growth 
(Hallgrímsson 1993, 1998, 1999). 
In humans, upper limb bones express higher asymmetry, mostly towards the right side, whereas lower 
limb bones are more symmetrical (reviewed in Auerbach & Ruff 2006). Across human populations, 
directional asymmetry is prominent in diaphysis, then in articular dimensions, while bone lengths show 
the lowest level (Auerbach & Ruff 2006; Reeves et al. 2016). Similar results were shown in a study 




of the long bones, while lengths of the bones showed lower indices, although the highest value was 
reported for femur bone (Hagg 2016). 
Due to quadrupedal locomotion and in general greater limb integration in the cotton-top tamarin 
(Saguinus oediupus), differences in FA between the upper and lower limbs are expected to be reduced or 
even absent. Result of this study found similarity in a pattern of asymmetry between tamarin long bones 
and those in humans (Auerbach & Ruff 2006). In contrast to humans, higher level of DA was detected in 
the lower limb in tamarins (Reeves et al. 2016). The reported results might be biased due to the choice of 
the traits that were used in the analysis of asymmetry, i. e. measurements obtained from the limb bones 
may differ between two studies and include different parts of the bone, e.g. width, length, articular 
surfaces etc. 
In our study, differences could not be detected when populations and groups were compared for the 
same bone, which supports difficulties in estimation FA based from only one trait. Further, comparison 
between bones found different pattern in these groups, with most of the differences in an outbred group. 
Many difficulties obscure analyses of FA, nevertheless these questions are still of great importance for 
developmental and evolutionary studies, especially associations between FA/DI with fitness and 
inbreeding. Attention should be given also to observation of different traits, which can improve current 




My results suggest a potential benefit of heterozygosity in the hybrid group, which was seen in lower 
asymmetry, whereas the larger deviation observed in the inbred group might be a consequence of higher 
homozygosity in these individuals. However, only one of the two inbred strains used in this study showed 
major differences, hence investigation with more inbred strains is needed for stronger support of this 
hypothesis. Further, for the hybrid group I did not find larger differences between subgroups, in both per 
bone and among four bone analysis. However, I could not completely compare the patterns between the 
center and the edges of the hybrid zone, due to the lack of samples and pooling the second half of the 
data to only two groups. Still, one subgroup (H5) could represent the center, but the results in this group 




mice, which may explain lower possibility to detect differences between the sides, a similar outcome was 
mentioned in Alibert et al. (1997). 
Comparisons between the bones when all data were pooled detected significant FA differences between 
four bones, although, these were mostly influenced by the outbred group. The bone with the highest 
mean FA value is found in humerus, then femur which was very similar in FA to ulna, and the lowest value 
in tibia. Limb bone lengths were found in previous studies to show lower level of asymmetry than 
measurements of the middle part of the long bones (Auerbach & Ruff 2006; Hagg 2016; Reeves et al. 
2016). Further, differences in size are usually smaller than the ones in shape, as reported for the skull 






Morphological integration in Mus musculus limb elements 
 
INTRODUCTION 
Morphological integration is influenced by complex processes of covariation among traits (Olson & Milller 
1958). This field of study is oriented towards understanding the principles of cohesion and coordination 
among different parts of the body (Klingenberg 2008). One of the main interests of integration involves 
the strength of covariation, which is inferred from the distribution of variation across phenotypic 
dimensions (Wagner 1984; Cheverud et al. 1989). Another question considers the pattern of covariation, 
observed in common coordinated changes of different parts of the structure (Klingenberg 2008). 
Integration is closely related to modularity which refers to separation of developmental systems into 
modules, i. e. components that share stronger internal connections, rather than between other parts of 
the system (Klingenberg 2008; Hallgrímsson et al. 2009). 
Different patterns of integration are investigated in the limb bones of mammals due to the shared 
developmental pathways, which further induce higher correlation between these structures (Young & 
Hallgrímsson 2005). Developmental interactions between traits can be explained through covariation, 
because developmental pathways include many processes which require coordinated variation between 
them in order to produce a morphological trait (Klingenberg 2008). Precursors of limb bones in tetrapods 
are formed in consecutive processes of mesenchymal cell proliferation and division and represent a much 
studied example of the fore mentioned mechanisms (Mariani & Martin 2003). A hierarchical model based 
on shared developmental factors among limbs explains the structured covariation across the overall body 
size, between limbs, within limbs, between homologous elements and within elements (Hallgrímsson et 
al.  2002). 
Integration can arise due to genetic effects on multiple traits, i.e. pleiotropy. The impact of genes on 
different traits can be transmitted through developmental pathways, in direct interactions, or in parallel 
influence of genes on separate pathways (Klingenberg 2008). Genetic covariance structure can be 
produced by combined pleiotropic gene effects, which further imposes limitation in responses to selection 
and direct the evolution of phenotypic traits (Lande 1979; Cheverud 1984; Schluter 1996). However, 




explained in a model of the evolution of pleiotropy by epistatic interactions (selection–pleiotropy–
compensation (SPC model)) (Pavlicev & Wagner 2012). Pavlicev et al. (2013) investigated individuation 
between the fore- and the hindlimbs in inbred mouse strains and found that the genetic basis of traits is 
mainly influenced by specific genetic interactions, rather than individual genes.  
Evolution of morphological traits might depend on functional and developmental connections between 
traits which impact covariance structure (Cheverud 1982, 1984, 1995). Due to similarity between genetic 
and phenotypic correlations, phenotypic covariances can be included in revealing the genetic architecture 
of traits (Cheverud 1988). Effects of stabilizing selection are also important in pattering covariance 
structures (Lande 1980; Cheverud 1984) and directing the evolution of correlated traits. 
Studies of the adult limb skeleton reported covariation within limbs, between homologous elements and 
between fore- and hindlimbs, which is influenced by shared genetic factors (Hallgrímsson et al. 2002; 
Young & Hallgrímsson 2005; Reno et al. 2008). Further, epigenetic effects on integration of the limbs in 
the laboratory house mouse was investigated in Young et al. (2009). Interestingly, a major impact of 
locomotory activity on fore- and hindlimb lengths was not detected, while body mass showed influence 
on bone length in limbs (Young et al.  2009). Previously reported examples of integration found different 
patterns, such as higher within-limb integration in adult (random-bred) house mouse (Leamy 1977). This 
was further confirmed in hens (Van Valen 1965). Study in strepsirrhine primate limbs reported similar 
covariation in both, homologous elements and within limbs (Villmoare et al.  2011). 
Integration patterns in nonquadripedal species are expected to yield reduced covariation in their limbs 
due to different functions, this was shown mainly in flying vertebrates, such as bats (Young & Hallgrímsson 
2005), birds and pterosaurs (Bell et al.  2011). Divergence in limb bones in rodents is found in the lesser 
Egyptian jerboa (Jaculus jaculus) which have bipedal locomotion (Cooper 2011). Although it has a common 
ancestor with a laboratory mouse, differences are described in limb morphologies, as well as in various 
locomotory functions (Moore et al. 2015).  
The main goal of this chapter is the exploration of the relationship between traits and integration patterns 
in outbred mouse populations and two inbred strains. Further, mice from the hybrid zone between the 
two subspecies may serve as a potential for revealing differences in more natural populations. 
Comparison between the hybrid, outbred and inbred group provide more information about general 





Due to quadrupedal locomotion and shared function, developmental and genetic network, we would 
assume to find high covariation between limb bones in the house mouse. Following this expectation, 
homologous elements as well as bones from the same segment would show better correlations. Different 
evolutionary histories of the outbred, inbred and hybrids might alter the level of integration. Inbred mice 
are expected to show greater differences in integration because of the reduced genetic variation and thus 
higher tendency toward changes in covariance structure which might be influenced by a single mutation 
(Hallgrímsson et al. 2009). In contrast, covariation structure in natural populations was found to be more 
stable in previous studies (Steppan 1997; Ackermann & Cheverud 2000; Marroig & Cheverud 2001; 





Populations from two outbred mouse subspecies, two inbred strains and the first generation of mice from 
the hybrid zone are described in Chapter I. The same sample size per population and group was used for 
an outbred and inbred group as in the previous chapter. Further, the same individuals with larger 
differences between the right and the left side were excluded beforehand for these two groups. Sample 
sizes with pooled sexes were: KH (65), CB (61), MC (55), AH (52), CD1 (48), PWD (60), C57BL/6J (57). An 
exception was made with the mice from the hybrid zone, where all available male mice were included in 
the study (197 individuals). Therefore, division of the hybrid zone data set based on the percentage of M. 
m. domesticus alleles found in each individual has changed compared to the first chapter by including one 
more group (H7); H1 (8.3 – 18.3%), H2 (18.31 – 24%), H3 (24.01 -28.3%), H4 (28.31 – 38.3%), H5 (38.31 – 
58.3 %), H6 (58.31 – 69.3%) and H7 (69.31 – 99.3%). Four bones, humerus, ulna, femur and tibia were 
used as well in this chapter. 
In this part of the study, the average measurement between the right and left side of the same bone was 
used, as the variation within a specimen, reflected as the asymmetry between two sides was not 
investigated in this chapter. However, data from an outbred and inbred group were restricted to the 
number of individuals which did not show large differences between the two sides per bone in each group 
(Supplementary List 1.1 and Figures S1.1 and S1.2). Additional measurements were provided for the mice 




(N=23) side, i.e. only data from one side that was available were included in the analysis. The number of 
individuals from the hybrid zone with both sides averaged counted 156 individuals (note that I have 
included one more individual with both sides that was excluded in the previous chapter). Partially 
damaged bones occurred in some individuals due to previous handling of the samples, therefore, all bones 
from the affected side for the individuals with only one measurement per side were excluded from the 
analysis. 
Additional comparison was conducted with all available individuals from the outbred and inbred groups, 
regardless the differences between the sides and results are shown in the supplementary material. 
 
Statistical analysis 
In order to pool data per population and strain (for outbred and inbred groups), each separate population 
and strain was first corrected for the influence of sex with a linear model, where the length of each bone 
was regressed over sex and residual values were used for further analysis. The influence of sex per bone 
in each population and strain is shown in Table S2.1 The sample of mice from the hybrid zone was 
corrected for the variation due to age, also with a linear model, where all individuals per bone were first 
regressed over age and residual values for each individual were subsequently used for the division to 
hybrid subgroups (H1 – H7). Further, data pooled to an outbred / inbred group were corrected for the 
variation due to sex and population / strain respectively. Comparison between mice from the hybrid zone, 
outbred and inbred groups were performed after all three groups were pooled together and regressed 
over age, sex and population / strain factors. Residual values after this correction were further divided to 
the hybrid, outbred and inbred group. Normality of the distribution for each bone length residual values 
per population / strain, hybrid subgroup, as well as in pooled data to the hybrid, outbred and inbred group 
was assessed with the inspection of Q-Q-plots (Figures S2.1 – S2.3). Pearson correlation and covariance 
matrices were computed from residual values of each respective data set. All analyses were performed in 
R version 3.2.5 (R Core Team 2016). 
 
Matrix repeatabilities 
The error of the matrix estimation should be considered before further analysis through calculation of the 
repeatability of the matrix. This approach is based on sampling the individuals with replacement from the 




of the repeatability is provided as the mean value of the correlation between the random sample matrix 
and original estimated matrix, i. e.  the observed correlation is corrected by the maximum value of the 
correlation between matrices from the same data set (Melo et al. 2015). The value of one would mean 
high similarity between the observed and corrected matrices. Repeatabilities of matrices were performed 
with data from residual values using a Mantel test with 10,000 replicates for correlation matrices, while 
covariance matrices were examined with the random skewers method and the same number of replicates. 
The random skewers method is more appropriate for comparison of covariance matrices, which are 
measured on a different scale from correlation matrices and therefore, not appropriate for randomization 
tests used in correlation matrix similarity (Cheverud 1989). The random skewers method is based on a 
series of random selection vectors which are multiplied with two matrices, and the correlation of response 
vectors to the same selection vector between two matrices is compared (Cheverud 1996b; Cheverud & 
Marroig 2007; Melo et al. 2015). 
 
Matrix correlations 
Comparison of the overall correlation structure between populations, strains and hybrid subgroups were 
performed with Mantel’s test, while similarities in covariances matrices were assessed with the random 
skewers method. Following Marroig and Cheverud (2001), Young and Hallgrímmson (2005), similarities in 
correlation and covariance matrices were observed with adjusted values for the respective matrix, i. e. 
observed matrix correlations (Robs) were divided by an estimate of the maximum correlation (Rmax). With 
this approach, the impact of the sampling error on matrix correlations is taken into account with adjusted 
matrix correlations (Radj), which include the maximum correlation, estimated from repeatabilities of 
compared matrices (Marroig & Cheverud 2001). This procedure included first the calculation of the 
correlation matrix repeatability with Monte Carlo simulation (1000 replicates). Further, estimation in 
similarities of correlation matrices from resampled data was performed with Mantels’ test (1000 
replicates). This is a permutation test which compares the matrices by preserving one matrix constant 
while randomly permuting the second matrix. Significance of the test was considered when observed 
correlation exceeded 95% quantile of the permuted distribution (Bell et al. 2011; Kolarov et al.  2017; 
Melo et al. 2015). Matrix repeatabilities and correlations between matrices were performed with EvolQG 







Examination of the patterns of limb correlations was observed with partial correlations, which measure 
the strength of the relationship between two variables, while the effect of other variables in the 
correlation matrix is excluded. This approach has been used in previous studies of appendicular skeleton 
(Marroig & Cheverud 2001; Young & Hallgrímmson 2005; Bell et al. 2011; Kolarov et al. 2017). Correlation 
coefficients were computed as Pearson’s product-moment coefficients and statistical significance was 
determined with a t-test implemented in the R package ppcor (Kim 2015). Significance of these correlation 
coefficients was also tested with edge exclusion deviance (EED). EED = -N ln(1 - ρ<=·{@}B ), where N reflects 
the sample size; ρij·{k} is the partial correlation of variables i and j with all other elements held constant 
(Magwene 2001). Conditional independence between two measures that are compared is considered 
when an EED value is less than 3.84 (this correspond to p = 0.05, df = 1 from the χ2 distribution) (Magwene 
2001). Similarities in the overall structure of matrices from partial correlations were performed with 
Mantel’s test of the observed matrix correlations, without the adjustment. 
 
Index of integration 
The overall level of integration was estimated from correlation matrices, by using two common indices, 
the average coefficient of determination (r2) (Cheverud et al. 1989), which refers to the magnitude of 
integration and it is calculated as the average of the squared correlations (Shirai & Marroig 2010). Higher 
values for this would indicate greater integration, while lower values reflect an opposite trend. The second 
index widely used in studies of phenotypic integration is based on the dispersion of the eigenvalues from 
the correlation matrix (Wagner 1984; Cheverud et al. 1989). Eigenvalues depict the amount of variance 
associated with each corresponding eigenvector (Pavlicev et al. 2009), while eigenvectors represent axes 
along which linear transformation acts. Greater differences between eigenvalues are shown when the 
variation is concentrated in a few dimensions which is further interpreted as higher integration. This 
pattern is confirmed in traits with higher correlation, while lower variance of eigenvalues is detected in 
uncorrelated traits (Pavlicev et al. 2009). The average squared deviation of the eigenvalues from the mean 
eigenvalue defines eigenvalue variance (Pavlicev et al. 2009). The mean eigenvalue of a correlation matrix 
is calculated from the trace of the correlation matrix, thus it equals one. 




Further, this measure can be divided by the maximum eigenvalue variance for the corresponding number 
of traits which is referred as the relative eigenvalue variance and ranges from zero to one (Pavlicev et al. 
2009).  
Varrel(λ) = 
KLM(D)J.2 , will be denoted as EVrel. 
Shirai and Marroig (2010) showed an overlap between coefficient of determination (r2) and index from 
Pavlicev (2009), which is also seen in our study. 
Differences between populations / strains, hybrid subgroups, as well as general comparison between 
groups were calculated from resampled data as the number of times a population / strain with lower 
eigenvalue variance (EV) exceeds other population eigenvalue variance (EV), divided by the number of 
iterations (replicates) (10,000) (Young & Hallgrímsson 2005; Kolarov et al. 2017). Significant differences 
were observed at p < 0.05. To control for the sample size across different populations / strains and groups, 
each bootstrap (with replacement) procedure included the equal number of random individuals from the 
whole sample per respective group. 	The index of integration from the variance-covariance matrix should account for the scale-dependence 
in the data, reflected as larger variances and covariances in larger individuals. The index is based on the 
coefficient of variation of the eigenvalues (ICV) (Wagner 1984) and it is computed as the standard 
deviation of eigenvalues divided by the mean eigenvalue (Shirai & Marroig 2010).  
ICV = N(D)DO  
 
Correction for variation due to size 
Effects of general size variation have been shown as an important factor in studies of morphological 
integration (Marroig et al.  2009; Porto et al. 2013). Therefore, to account for the influence of size in each 
data set, I followed the approach from Marroig et al. (2004) and Shirai & Marroig (2010), where residual 
matrices were calculated after the effect of size was removed from the corresponding correlation and 
covariance matrix. Previous studies considered PC1 obtained from covariance and correlation matrices of 
analyzed traits as potential factor of size variation. This was concluded when the examined characters are 
correlated with general size and the specimens differ in overall body size variation (Jolicoeur 1963). 
Therefore, principal component analysis was used to extract the first eigenvector from the matrix and for 




the residual matrix, P is the original correlation or covariance matrix, V is the size related eigenvector, 
while V’ is transposed size eigenvector (Shirai & Marroig 2010). The effect of size was removed from 
matrices of each population / strain (pooled and already corrected for sex) and hybrid subgroups 
(previously corrected for the influence of age) and used to recalculate the index of integration. Proportion 





Limb bone lengths 
Data from the raw limb element lengths per sex (mean, standard deviation, standard error of the mean 
and coefficient of variation) for each population and strain are presented in Table S1.10a of the previous 
chapter. Females have on average shorter limb bones than males from the respective population / strain, 
except in the CD1 outbred stock, where females are on average larger than the males. Another exception 
was seen in the femur and tibia in females of the C57BL/6J strain which are longer in comparison to males. 
Further, data were pooled for sex per population / strain and average measurements per bone are shown 
in Table S2.3a and Figure 1.2 in the previous chapter. Information about outbred and inbred groups is 
provided in the Table S2.3b and Figure 1.3 in the previous chapter. Note that data shown here represent 
average measurements between the two sides, as well as the information for all bones per population / 
strain is included. The hybrid group included more individuals in this part of the study, therefore, 
descriptive statistics per hybrid subgroup is shown in Table S2.3c. Corresponding plots for the length of 





Figure 2.1. Length of each limb bone in millimeters in the mice from the hybrid zone. Regression of the 
humerus (r2 = 0.230, p < 1.067 x 10-12), ulna (r2 = 0.180, p < 5.010 x 10-10), femur (r2 = 0.115, p < 1.051 x 10-
6) and tibia (r2 = 0.212, p < 9.72 x 10-12) over the percentage of M. m. domesticus alleles. 
 
All bone lengths showed normal distribution in raw (data not shown) and residual values, smaller 
deviation was noticed in residual values for tibia of the AH and ulna of the MC population, corresponding 
Q-Q-plots are shown in Figures S2.1 – S2.3. Individuals from each population and strain were regressed 
over sex due to a larger influence of this factor, ranging from r2 = 0.071 (p = 0.049, slope = -0.313) in femur 
of the MC population to r2 = 0.745 (p < 0.001, slope = -0.418) in ulna of the C57BL/6J strain. Impact of sex 
was not found only in ulna of CD1 and marginal influence in tibia of the AH population (p = 0.053). Results 
of the linear regression of each limb bone per population and strain are shown in Table S2.1a. Further, 
outbred and inbred groups were examined after the linear regression for the effects of sex and population 




hybrid group showed significant association with age only in ulna (r2 = 0.025, p = 0.027, slope = 0.013) and 
femur bone (r2 = 0.032, p = 0.011, slope = 0.021), however for the consistency, all bones were regressed 
for this factor in the hybrid group. 
 
Matrix repeatability 
Repeatability of matrices per population pooled for sex ranged from 0.814 – 0.978 for correlation and 
0.986 – 0.991 for covariance matrices (Table 2.1a). In hybrid subgroups the values were lower due to 
smaller sample sizes (correlation: 0.719 - 0.918; covariance: 0.980 - 0.986; Table 2.1b) as well as in each 
sex per population separately (0.686 - 0.967 for correlation and 0.967 - 0.984 for covariance matrices; 
Table S2.4). Repeatabilities of matrices per group (outbred / inbred and hybrid) were high and ranged 
between 0.920 – 0.987 for correlation and 0.993 – 0.997 for covariance matrices (Table 2.1). The lowest 
values for correlation matrices are recorded in MC males and in the H2 hybrid subgroup, which indicate 
that sampling impact could affect estimation of these matrices. The higher values of repeatability which 
were found for correlation matrices from populations / strains pooled for sex, as well as for outbred, 
inbred and hybrid groups confirmed a lower bias due to error in correlation matrices. Covariance matrices 
showed high values in all compared data sets. 
 
Table 2.1. Matrix repeatability for correlation and covariance matrices per population / strain and pooled 
groups (a); and per hybrid subgroup as well as all data pooled to the hybrid group (b). 
(a)  (b) 
  
Group n Sampling impact  Correlation Covariance 
KH 65 0.978 0.991 
CB 61 0.929 0.989 
MC 55 0.903 0.987 
AH 52 0.917 0.986 
CD1 48 0.911 0.988 
PWD 60 0.966 0.987 
C57BL/6J 57 0.814 0.987 
Outbred 281 0.973 0.997 
Inbred 117 0.987 0.993 
 
Subgroup n Sampling impact Correlation Covariance 
H1 33 0.819 0.986 
H2 34 0.719 0.980 
H3 30 0.844 0.978 
H4 23 0.817 0.978 
H5 34 0.918 0.984 
H6 24 0.877 0.983 
H7 19 0.813 0.981 
All 197 0.920 0.997 
Group – stands for different outbred populations, two inbred strains and data pooled to respective outbred and inbred groups. 
Subgroup – refers to different hybrid subgroups. n – sample size per group. Sampling impact – reflect the value of each 




Correlation and covariance matrices 
Correlation and covariance matrices were calculated for each sex per population from the raw data (Table 
S2.5). On average males showed higher correlations than females. Populations from the outbred group 
found stronger associations between humerus - femur which are homologous elements and between ulna 
– tibia (CB, MC). Another high correlation was detected between femur - tibia in AH and KH populations. 
Differences in this pattern are found in CD1 males which yielded better connectivity in forelimb bones 
(humerus - ulna) and hindlimb bones (femur – tibia) as well as the highest value in ulna – tibia. In contrast, 
CD1 females had slightly lower correlations with the highest values between humerus - tibia and humerus 
- ulna. The inbred PWD strain showed stronger correlations between humerus – tibia and femur – tibia in 
both males and females, C57BL/6J confirmed this pattern in females, while males had additional strong 
correlation in ulna – tibia. After correction for sex per population (Table 2.2a), stronger associations 
between humerus – femur and femur – tibia were found in KH and AH populations. Further, humerus - 
femur and ulna - tibia were higher in CB and MC, while CD1 found in humerus - ulna and ulna – tibia. 
Inbred strains revealed higher correlations in humerus - tibia and femur - tibia. Moreover, this pattern in 
bone correlations was confirmed when data were pooled to the inbred group, while outbred group 
showed more similarities between humerus - femur and femur – tibia (Table 2.2b). 
In hybrid subgroups (residual data for age) higher average correlations were found in groups closer to 
pure Mus musculus (H1, H6 and H7) (Table 2.2c). A pattern with higher correlation between ulna-tibia and 
femur-tibia was found in H1, H3 and H4, while H2 and H5 subgroups showed humerus-femur and ulna – 
tibia. Further, H6 and H7 showed humerus – femur, humerus – tibia, femur – tibia. When all data were 
pooled to the hybrid group, humerus was highly correlated with femur, while the strongest correlations 






Table 2.2. Correlation (lower triangle) and covariance (upper triangle) matrices in residual values per 
population / strain (a); outbred and inbred group (b); hybrid subgroups, as well as data pooled to the 
hybrid group (c). 
(a)  





Bone Humerus Ulna Femur Tibia Bone Humerus Ulna Femur Tibia 
Humerus - 0.057 0.128 0.119 Humerus - 0.074 0.132 0.097 
Ulna 0.582 - 0.085 0.107 Ulna 0.641 - 0.123 0.118 
Femur 0.873 0.576 - 0.181 Femur 0.825 0.760 - 0.152 





Bone Humerus Ulna Femur Tibia Bone Humerus Ulna Femur Tibia 
Humerus - 0.110 0.198 0.164 Humerus - 0.077 0.183 0.134 
Ulna 0.758 - 0.166 0.174 Ulna 0.734 - 0.099 0.084 
Femur 0.894 0.777 - 0.265 Femur 0.841 0.607 - 0.216 




Bone Humerus Ulna Femur Tibia 
Humerus - 0.148 0.172 0.202 
Ulna 0.901 - 0.210 0.244 
Femur 0.779 0.798 - 0.308 
Tibia 0.892 0.906 0.849 - 





Bone Humerus Ulna Femur Tibia Bone Humerus Ulna Femur Tibia 
Humerus - 0.045 0.078 0.069 Humerus - 0.009 0.018 0.016 
Ulna 0.634 - 0.051 0.065 Ulna 0.636 - 0.016 0.016 
Femur 0.867 0.544 - 0.091 Femur 0.677 0.589 - 0.029 
Tibia 0.876 0.788 0.880 - Tibia 0.760 0.747 0.748 - 
(b) 
n Outbred n Inbred 
281 
Bone Humerus Ulna Femur Tibia 
117 
Bone Humerus Ulna Femur Tibia 
Humerus - 0.108 0.196 0.179 Humerus - 0.028 0.061 0.053 
Ulna 0.757 - 0.163 0.173 Ulna 0.607 - 0.034 0.041 
Femur 0.863 0.742 - 0.285 Femur 0.824 0.470 - 0.088 
Tibia 0.823 0.828 0.855 - Tibia 0.854 0.679 0.887 - 
Pearson correlation matrices (off-diagonal, lower triangle); all t-tests were significant at p < 0.001. Covariances are shown with 















 Bone Humerus Ulna Femur Tibia  Bone Humerus Ulna Femur Tibia 
Humerus - 0.156 0.219 0.208 Humerus - 0.089 0.172 0.126 
Ulna 0.845 - 0.203 0.201 Ulna 0.805 - 0.129 0.117 
Femur 0.881 0.890 - 0.274 Femur 0.849 0.798 - 0.192 





 Bone Humerus Ulna Femur Tibia  Bone Humerus Ulna Femur Tibia 
Humerus - 0.048 0.091 0.078 Humerus - 0.121 0.157 0.194 
Ulna 0.595 - 0.092 0.102 Ulna 0.826 - 0.119 0.156 
Femur 0.739 0.680 - 0.171 Femur 0.742 0.737 - 0.226 





 Bone Humerus Ulna Femur Tibia  Bone Humerus Ulna Femur Tibia 
Humerus - 0.145 0.248 0.191 Humerus - 0.214 0.335 0.332 
Ulna 0.822 - 0.203 0.196 Ulna 0.927 - 0.311 0.307 
Femur 0.953 0.804 - 0.281 Femur 0.970 0.920 - 0.485 




All hybrid data together 
 Bone Humerus Ulna Femur Tibia  Bone Humerus Ulna Femur Tibia 
Humerus - 0.233 0.398 0.299 Humerus - 0.196 0.281 0.279 
Ulna 0.902 - 0.322 0.249 Ulna 0.879 - 0.244 0.263 
Femur 0.966 0.903 - 0.413 Femur 0.897 0.854 - 0.362 
Tibia 0.957 0.922 0.954 - Tibia 0.892 0.918 0.900 - 
Pearson correlation matrices (off-diagonal, lower triangle); all t-tests were significant at p < 0.001. Covariances are shown with 
off-diagonal, upper triangle, dark grey. n – sample size per respective group. 
 
Similarities between matrices  
Correlation and covariance matrices were examined for the similarities in their structure. Significance was 
detected between all comparisons in covariance matrices, although correlation matrices reported 
significance only among few observations across different populations pooled for sex (Table S2.6a). Inbred 
strains showed similar structure in their correlations, as well as in observation with the KH outbred 
population. Among outbred populations, KH showed significant correlation only with MC. In hybrid 
subgroups, H1 showed significance to H3 (Table S2.6b), however, values were inflated, probably due to a 
smaller sample size among subgroups. When data were pooled to groups, significant values were found 
between all groups in correlation and covariance matrices. The highest value is recorded between the 
outbreed and the inbred group, whereas lower value was detected among the hybrid and the inbred 
group in correlations (Table 2.3). Covariance matrices showed the same result between the inbred and 




Table 2.3. Matrix correlation in correlation (lower triangle, white) and covariance (upper triangle, dark 
gray) matrices per group. 
Group Hybrid Outbred Inbred 
Hybrid - 0.976 0.938 
Outbred 0.880 - 0.973 
Inbred 0.709 0.954 - 
All values in the table were found significant (p < 0.05) in Mantel’s test (lower triangle, white) and random skewers method 
(upper triangle, dark gray). 
 
Partial correlations in populations / strains and groups  
In all outbred populations pooled for sex, a correlation pattern between homologous elements was 
confirmed, with humerus - femur and ulna – tibia showing higher partial correlations except for CD1, 
where humerus – ulna, femur - tibia and ulna - tibia were higher instead. Another strong connection was 
noticed in hindlimbs (femur - tibia) of the AH population and absence of significance between ulna and 
tibia. In contrast, inbred strains showed better connections between ulna - tibia and femur – tibia (Table 
2.4a). When data were pooled to the outbred group, the pattern shown in outbred populations was 
repeated, while the inbred group showed similarity to inbred strains (Table 2.4b). Separate observations 
per sex found the following correlations: humerus – femur and ulna - tibia in KH, CB, MC in both sexes; 
AH in males had additional strong correlation between femur – tibia. Differences were obvious in CD1 for 
both, males and females, while inbred strains found better connectivity between ulna – tibia and femur – 
tibia, only exception is seen in C57BL/6J females with the highest value in humerus – tibia, beside femur 
– tibia (Table S2.7). The hybrid group revealed similarity to an outbred group in the overall pattern (HF, 
UT, FT). While hybrid subgroups confirmed the pattern from general correlations and found additional 
significant relation between humerus and femur in all subgroups except H4 (Table 2.4c). 
Significant correlation in overall structure between different populations was found only between KH – 
PWD (r = 0.812), KH – C57BL/6J (r = 0.718) and CBL - PWD (r = 0.938) with p < 0.05 (Table S2.8a). Similarities 
between matrices in hybrid subgroups were found only between H1 and H3 (r = 0.887, p < 0.05) and close 
to marginal significance between H1 to H4 and H5, as well as between H3 to H5 subgroups (p = 0.083) 
(Table S2.8b). These results were consistent with previous comparison of correlation matrices, although 
the values reported from partial correlation similarity were slightly lower and significance between KH 
and MC was not detected. Comparisons between hybrid, outbred and inbred groups were all significant 




between the outbred and the inbred (0.850). Similarity between the hybrid and the inbred group was 
0.856. This pattern was different from the one in correlation matrices. 
 
Table 2.4. Partial correlations between limb bones in populations / strains pooled for sex (a) and groups 
(b); hybrid subgroups, as well as data pooled to the hybrid group (c). 
(a) 





 Humerus Ulna Femur Tibia  Humerus Ulna Femur Tibia 
Humerus 1    Humerus 1    
Ulna -0.005 1   Ulna -0.074 1   
Femur 0.610 -0.041 1  Femur 0.615 0.264 1  





 Humerus Ulna Femur Tibia  Humerus Ulna Femur Tibia 
Humerus 1    Humerus 1    
Ulna 0.229 1   Ulna 0.469 1   
Femur 0.697 -0.013 1  Femur 0.565 -0.127 1  




 Humerus Ulna Femur Tibia 
Humerus 1    
Ulna 0.482 1   
Femur 0.033 0.097 1  
Tibia 0.350 0.420 0.450 1 





 Humerus Ulna Femur Tibia  Humerus Ulna Femur Tibia 
Humerus 1    Humerus 1    
Ulna 0.034 1   Ulna 0.147 1   
Femur 0.385 -0.484 1  Femur 0.245 0.028 1  
Tibia 0.301 0.729 0.653 1 Tibia 0.385 0.465 0.420 1 
(b) 





 Humerus Ulna Femur Tibia  Humerus Ulna Femur Tibia 
Humerus 1    Humerus 1    
Ulna 0.208 1   Ulna 0.202 1   
Femur 0.533 -0.014 1  Femur 0.332 -0.428 1  
Tibia 0.171 0.501 0.442 1 Tibia 0.274 0.551 0.703 1 
Significant values (p < 0.05) from Pearson partial correlations are shown in bold. Significance for the values from the matrices 












 Humerus Ulna Femur Tibia  Humerus Ulna Femur Tibia 
Humerus 1    Humerus 1    
Ulna 0.130 1   Ulna 0.331 1   
Femur 0.348 0.152 1  Femur 0.565 0.144 1  





 Humerus Ulna Femur Tibia  Humerus Ulna Femur Tibia 
Humerus 1    Humerus 1    
Ulna 0.177 1   Ulna 0.366 1   
Femur 0.467 0.002 1  Femur 0.097 -0.181 1  





 Humerus Ulna Femur Tibia  Humerus Ulna Femur Tibia 
Humerus 1    Humerus 1    
Ulna 0.289 1   Ulna 0.268 1   
Femur 0.820 -0.218 1  Femur 0.461 0.171 1  




All hybrid data together 
 Humerus Ulna Femur Tibia  Humerus Ulna Femur Tibia 
Humerus 1    Humerus 1    
Ulna 0.072 1   Ulna 0.298 1   
Femur 0.592 0.113 1  Femur 0.457 0.001 1  
Tibia 0.383 0.409 0.319 1 Tibia 0.179 0.565 0.410 1 
Significant values (p < 0.05) from Pearson partial correlations are shown in bold. Significance for the values from the matrices 
were confirmed with edge exclusion deviance (EED) method described in the methods. 
 
Patterns of integration 
Indices were calculated for correlation and variance-covariance matrices for each sex per population / 
strain (Table S2.9), for populations pooled for sex, hybrid subgroups and per each respective group (Table 
2.5). The data in Tables 2.5 and S2.9 are estimated from correlation and covariance matrices before 
resampling, while the data with resampling used in comparison among tested observations are shown in 
Table S2.10. My main focus was in inter-trait relationship, i.e. magnitude of morphological integration 
(Olson & Milller 1958), therefore, the correlation matrix is more informative in exploration of strength 
and pattern of association among traits (Pavlicev et al. 2009). 
The index based on the average coefficient of determination (r2) and relative eigenvalue variances (EVrel) 
confirmed results which are shown for the correlation matrices, i.e. higher indices in males than females, 
with the highest value found in CD1 males (0.818) and the lowest in C57BL/6J females (0.295) (Table S2.9). 
This was reflected when populations / strains were pooled, CD1 (0.732) and C57BL/6J (0.484). Hybrid 




the lowest in H3 subgroups. Among groups, greater values were recorded for hybrid (0.792), then outbred 
(0.661) and the lowest in the inbred group (0.541) (Table 2.5). 
 
Table 2.5. Integration indices based on correlation (r2, EVrel) and variance-covariance matrices (ICV) per 
population / strain, outbred and inbred group (a); for hybrid subgroups and data pooled to the hybrid 
group (b). Values shown in the second row for each population / strain, subgroup and group stand for size 
corrected indices. 
(a)           (b) 
        
Subgroup n r2 EVrel ICV 
H1 33 0.795 0.795 1.798 0.001 0.001 0.779 
H2 34 0.644 0.644 1.620 0.004 0.004 1.012 
H3 30 0.513 0.513 1.546 0.008 0.009 0.774 
H4 23 0.669 0.669 1.664 0.004 0.004 0.967 
H5 34 0.761 0.761 1.763 0.003 0.003 1.173 
H6 24 0.893 0.893 1.905 3.26 x 10-4 4.75 x 10-4 0.897 
H7 19 0.873 0.873 1.887 4.68 x 10-4 6.33 x 10-4 0.885 
All 197 0.792 0.792 1.791 0.001 0.001 0.812 
 
Indices for outbred and inbred group are shown for residual values after accounting for the factors population / strain and sex in 
each group separately. Indices in table (b) for the hybrid group (All) were corrected just for the effect of age.  
 
 
Comparison of resampled eigenvalue variances from the correlation matrix (EVrel) between different 
populations / strains yielded significant differences among CD1 to KH, CB, AH and C57BL/6J. Significantly 
higher integration was found also in MC to C57BL/6J, whereas larger differences were not found between 
other populations and strains (Table S2.10a and Figure 2.2). Among hybrid subgroups, H6 and H7 showed 
the highest integration, which was significant for most of the groups, however subgroups closer to pure 
subspecies (H1 and H7) did not show differences. On the other hand, H3 showed the lowest integration 
and it was significant for most of the groups except H2 and H4 (Table S2.10b and Figure 2.2). When hybrid, 
outbred and inbred groups were compared, significant differences were found among all three groups 
(Table S2.10c and Figure 2.3, left plot). Resampled eigenvalue variances estimated from the variance-
Pop / 
Strain n r
2 EVrel ICV 
KH 65 0.552 0.552 1.564 0.008 0.012 0.989 
CB 61 0.585 0.585 1.565 0.007 0.008 0.919 
MC 55 0.668 0.668 1.672 0.004 0.004 0.947 
AH 52 0.548 0.548 1.585 0.007 0.008 0.824 
CD1 48 0.732 0.732 1.719 0.002 0.003 1.082 
PWD 60 0.602 0.602 1.575 0.009 0.013 1.312 
C57BL/6J 57 0.484 0.484 1.469 0.007 0.008 0.915 
Outbred 281 0.661 0.661 1.673 0.003 0.004 0.829 




covariance matrix (ICV) showed the same trend, although significance was found only between the hybrid 
to outbred and inbred groups (Figure 2.3, right plot). Comparison between populations / strains, showed 
only C57BL/6J to be significantly lower from MC and CD1, while all other groups revealed similar 
integration. Hybrid subgroups showed the same result as found in the correlation matrices (Figure 2.4). 
 
 
Figure 2.2. Distribution of resampled eigenvalue variance (10,000 replicates) from correlation matrices 
(EVrel) in outbred populations and inbred strains (left plot); in hybrid subgroups (right plot). Error bars 
indicate the 95% confidence limits of the resampled EVrel. The longer line bar shows significance between 
corresponding population with other populations / strains. 
 
   
Figure 2.3. Distribution of resampled eigenvalue variance from correlation (left figure, EVrel) and 
covariance matrices (right plot, ICV) (10,000 replicates) in in the hybrid, outbred and inbred group. Error 






Figure 2.4. Distribution of resampled eigenvalue variance (10,000 replicates) from variance-covariance 
matrices (ICV) in outbred populations and inbred strains (left plot); in hybrid subgroups (right plot). Error 
bars indicate the 95% confidence limits of the resampled ICV. The longer line bar shows significance 
between corresponding population / strain with other populations. 
 
When data were corrected for the effect of size in correlation matrices, an opposite trend was found in 
comparisons between the groups, with hybrids showing the lowest, while inbred group the highest 
integration (Tables 2.5, S2.10c and Figure S2.4). Among populations / strains PWD showed the highest 
value for EVrel (0.013) and it was close to KH (0.012), while CD1 showed the lowest value (0.003) (Tables 
2.5a and S2.10b (values correspond to median values in the table)). Nevertheless, the populations / strains 
did not differ, except CD1 which was significantly lower from KH, AH, PWD and C57BL/6J (Figure S2.5). In 
hybrid subgroups H3 showed the highest, while H6 and H7 the lowest correlation (Tables 2.5b, S2.10a and 
Figure S2.5). Indices based on average coefficient of determination from size corrected data showed a 
similar pattern, although the values were slightly lower (Table S2.10). 
Correction for the first eigenvector revealed which groups are more affected by the influence of general 
size. This was mainly found in hybrid subgroups. In comparison between populations, CB, MC and CD1 
were the most affected, while the pattern of integration between other compared populations / strains 
remained as with the original data. Moreover, the observation between the groups can be explained due 
to greater influence of size in populations of the outbred and hybrid subgroups, which resulted in a reverse 
pattern of integration after the correction. Support for this finding is shown in PC1 (Table S2.2) which 
explains most of the variation in these populations and hybrid subgroups. 
Indices computed based on size corrected covariance matrices yielded a different outcome. However, the 




populations except CD1 (Figure S2.6). In addition, CD1 was different to AH, which showed the lowest 
value. Hybrid subgroups showed less differences, with only significance in H3 which showed the lowest 
integration and differed from H2 and H5 (Figure S2.6). When groups were compared after size correction, 
hybrid and outbred group showed similar integration which was significant only between these two 
groups in comparison to the inbred group (Figure S2.7). 
An additional test with a larger data set, when all available data are included (regardless of larger 
differences between the right and the left side), showed similar patterns to the analyzed data with regular 
and size corrected correlation matrices (EVrel), although AH and C57BL/6J showed lower degree of 
integration and thus additional significance between AH to MC and PWD (Figure S2.8). In data corrected 
for size, results were the same as with the before mentioned data, only AH showed additional differences 
to MC (Figure S2.9). 
As reported previously (Shirai & Marroig 2010; Haber 2011), equal results were found for indices based 
on relative eigenvalue variances (EVrel) and average coefficient of determination (r2) with original data. 
This was confirmed in my data set, although data corrected for size showed similar but not the same 
values between these two estimates. Therefore, results for indices computed from correlation matrices 
in raw data are discussed for EVrel index, but results based on r2 are also shown in Table S2.10. Size 
corrected data are also reported from eigenvalue variances (EVrel(ns)), since results were similar. Moreover, 
differences in significance between data analyzed with EVrel(ns) and r2ns were not found, except CD1 to CB 




The overall results from correlation and partial correlation matrices were similar in populations / strains 
and hybrid subgroups, with few exceptions. Inbred strains showed stronger correlations between 
humerus – tibia, whereas partial correlations revealed ulna – tibia, beside femur – tibia which was 
common in both comparison between these two matrices. Further, this was reflected when data are 
pooled to the inbred group. Outbred and hybrid groups confirmed the general pattern expected from 
developmental factors that structure limb covariation, i.e. all comparison shared strong correlation 
between humerus – femur which are serially	homologous bones as well as among ulna – tibia that belong 




same limb. Moreover, this connection (femur - tibia) overlapped in all three groups and confirms a better 
correlation in hindlimbs. Only the results for the CD1 stock differed in the pattern and showed better 
correlations in bones of the same limb, as well as weaker connectivity between humerus – femur. 
However, in CD1 animals I found relatively higher values, which might be explained by larger body size of 
these individuals. Greater correlation between humerus – femur is widely described across different taxa 
(Young & Hallgrímsson 2005; Schmidt & Fischer 2009; Young et al. 2009; Kolarov et al. 2017) and 
corresponds to proximo – distal pattering. These bones are proximal elements, thus better connectivity 
among them is directly associated to earlier developmental timing in their ossification in comparison to 
more distal elements (Weisbecker 2011). Similarity in the overall structure between correlation matrices 
was found among inbred strains, as well as between both inbred strains to KH and KH with MC. This 
relationship might be explained due to similar general size between these populations / strains, but might 
also be influenced by the fact of the same sub-species background between KH (M. m. musculus) and PWD 
(wild derived strain from M. m. musculus). The absence in similarity between hybrid subgroups can be 
due to smaller sample sizes per compared group and thus lower precision in matrix estimation. Overall, 
these results would suggest possible structural differences between populations and subgroups which 
lacked in significance in matrix correlations. In contrast, significance was found between all three 
compared groups (hybrid, outbred and inbred). 
Comparison in the magnitude of eigenvalue variances from populations / strains did not reveal major 
differences between populations / strains, except for the CD1 outbred stock, which showed the highest 
values. In contrast, when populations / strains are pooled to groups, the outbred group showed higher 
degree of integration in comparison to the inbred group. This would confirm a hypothesis about stronger 
stabilizing selection in wild populations. However, results might be biased due to CD1 which could 
potentially generate larger differences between outbred and inbred groups. 
Higher variability was detected among hybrid subgroups, which might be influenced by developmental 
causes, because individuals in this group were twice younger in comparison to other groups. Previous 
studies also reported that integration can change during ontogeny (Cheverud et al. 1983; Cheverud & 
Leamy 1985; Zelditch 1988; Zelditch & Carmichael 1989; Cane 1993; Ackermann 2005;  Ivanovic et al. 
2005). Further, smaller sample size per subgroup and lower repeatability of correlation matrices could 
also bias the result (Young et al. 2009). Nevertheless, subgroups closer to pure subspecies were found to 
be more integrated. When all data from subgroups were pooled to the hybrid group and compared with 




Similar results were obtained in hybrid subgroups from resampled eigenvalues from the variance-
covariance matrix, which should reflect the level and pattern of variation (Pavlicev et al. 2009). While 
differences between outbred populations and inbred strains were seen only in the C57BL/6J strain which 
was less integrated, overall differences in integration between these groups were not found. This would 
be explained by similar variances among outbred and inbred groups.   
Pattern and level of correlations between traits might be under a large influence of variation due to size 
(Zelditch 1988; Marroig et al. 2004). Impact of general size can obscure the biological signal of 
morphological integration by masking weak correlations (Riska 1986; Zelditch 1988; Magwene 2001; 
Marroig et al. 2004; Klingenberg 2008). Numerous genetic, developmental and ecological factors generate 
variation in size (Patton & Brylski 1987) which further produce higher correlations in larger individuals and 
thus increase overall integration between traits (Porto et al. 2013). Hallgrímsson et al. (2002) found a large 
proportion of variance explained by principal components in Rhesus macaques and CD1 mice which 
affected integration patterns in these species due to effects of the general size. Higher morphological 
integration due to higher variance of the character size was found in the chondrocranium of the inbred 
mutant brachymorph mice (Hallgrímsson et al. 2006). Overall correlation in the skull was influenced by 
the variance in the growth of the chondrocranium. A study in paedomorphic and metamorphic alpine 
newt also reported bias in the integration due to size, as the differences between the groups lacked in 
significance after removal of this factor (Kolarov et al. 2017). 
After controlling for the effect of size in our data set and comparing the strength of morphological 
integration, three populations from the outbred group as well as hybrid subgroups showed to be 
influenced with this change and resulted in the opposite trend as the one with non-corrected data. 
However, higher magnitude of integration was recorded in inbred strains, although overall differences 
between populations and strains were less expressed. On the other hand, the pattern for hybrid 
subgroups differed between the correlation and covariance matrices. Further, comparison between 




The expectation to find stronger integration in more natural populations was shown in data that were not 




level of integration. Previous studies with inbred strains detected more unstable covariance structure in 
these mice (Jamniczky & Hallgrímsson 2009). This was explained through genetic variance of the 
developmental process which underlie covariance structure, therefore, the alteration of this structure is 
dependent on the higher magnitude of change in variance in one of the processes when these processes 
are controlled by a larger amount of genetic variance (Hallgrímsson et al. 2009). Another study in inbred 
mice showed a lower level of integration in the strain with craniofacial malformations (Hallgrímsson, et 
al.  2004). However, after correction for size in our data, the inbred group showed higher integration. This 
might indicate on differences in functional or developmental interactions. Interestingly, similar correlation 
matrices were found in inbred strains (before size correction), with stronger connection between humerus 
and tibia. This type of inter-trait relationship is mostly described in carnivora (Martin-Serra et al. 2015) 
where these bones are defined as functionally equivalent (Schmidt & Fischer 2009), which was caused by 
reorganization in the position of certain bones. Changes in developmental processes that underlie 
appendicular structures can occur in order to follow biomechanical requirements which might further 
influence the pattern of phenotypic integration at an evolutionary level (Martin-Serra et al. 2015).   
Selection pressure on fore- and hindlimbs could have different evolutionary outcomes, depending on the 
strength of integration between the limb bones (Sanger et al. 2011). Higher integration would constrain 
possible change and diversification among these structures, whereas lower levels of cohesion would allow 
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Anatomical structures in vertebrates impose numerous challenges in understanding the complexity that 
underlie their proper development, function and evolution (Esteve-Altava et al. 2018). Rise of new 
technologies and approaches enabled a better understanding of different patterns of integration and 
modularity between body parts. A variety of traits, from fitness related to locomotory are prone to 
constant changes and responses to different selective pressures. However, the main pattering processes 
are not disturbed and allow coordinated alteration across characters. Morphometry found wide 
application in different fields and provided quantitative evaluation of bone remodeling, mainly related to 
medical research. Further, evolutionary importance was noticed in exploration of quantitative traits. 
Analyses of different phenotypes helped in understanding complex networks, mostly between 
development and function, but also continued a step further implementing information from high-
throughput sequencing approaches and possibility to identify genetic regions which might be involved in 
trait variation. Previous genome-wide association studies were mostly oriented toward single 
phenotypes, while growing interest in connectivity between different structures incorporated multi-trait 
genetic analyses (Porter & O’Reily 2016). Association mapping with multiple traits increased the power to 
detect variants affecting correlated traits (Furlotte & Eskin 2015). The inclusion of outbred lab mice, as 
well as close to natural hybrid zone populations provide numerous advantages in resolving these 
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